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PREFACE

The U.S. EPA 1s developing health-related guidance for lead that can be
applied to a wide range of different media (solI/dust, air, diet). This
report summarizes relevant Information on health effects of lead and on lead
exposure and presents a description of a proposed modeling approach for
deriving media-specific criteria that can be tailored to specific exposure
scenarios or cases. The rationale for using a modeling approach In place of
more traditional risk assessment strategies such as Reference Dose 1s
discussed. Much of the Information presented 1n this report 1* taken from
recent and more comprehensive Agency reviews. Including the A1r Quality
Criteria Document (U.S. EPA, 1986a) and Review of the National Ambient A1r
Quality Standards for Lead (U.S. EPA. 1989a).
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EXECUTIVE SUM4ARY

This technical support document presents the rationale for an uptake/
b1ok1net1c modeling approach to developing health criteria for lead.
Because of the apparent lack of a threshold for many of the noncancer
effects of lead 1n Infants and young children, coupled with multimedia
exposure scenarios, meaningful oral and Inhalation reference doses cannot be
developed for lead. Blood lead levels, however, provide an Important and
useful Index of risk because most toxldty endpolnts associated with
exposure to lead can be correlated with blood lead levels. The Uptake/
B1ok1net1c Model described In this document, and described 1n greater detail
1n U.S. EPA (19894), provides a method for predicting blood lead levels 1n
populations exposed to lead In the air, diet, drinking water. Indoor dust,
soil and paint, thus making 1t possible to evaluate the effects of regula-
tory decisions concerning each medium on blood lead levels and potential
health effects. This model, when Integrated with the Industrial Soruce
Complex for Dispersion model (U.S. EPA. 1986c), could be used to predict
site-specific distributions of blood lead levels 1n populations 1n the
vicinity of point sources.

Review of the available Information concerning the toxlcoklnetlcs and
health effects of lead 1n humans (and primates as well) leads to the conclu-
sion that Infants and young children are likely to be the most vulnerable
segment of human populations exposed to lead and, therefore, should be the
focus of risk assessment efforts. Studies In nonhuman primates provide
strong empirical support for this conclusion. The relatively high vulner-
ability of Infants and children results from a combination of several
factors: 1) an apparent Intrinsic sensitivity of developing organ systems
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to lead; 2) behavioral characteristics that Increase contact with lead from
dust and soil (for example. Mouthing behavior and pica); 3) various physio-
logic factors that result In greater deposition of airborne lead 1n the
respiratory tract and greater absorption efficiency from the gastrointes-
tinal tract In children than In adults; and 4) transplacental transfer of
lead that establishes a lead burden 1n the Infant before birth, thus
Increasing the risk associated with additional exposure during Infancy and
childhood.

A diverse set of undesirable effects has been correlated with blood lead
levels 1n Infants and children. Impaired or delayed mental and physical
development, Impaired heme biosynthesis and decreased serum vitamin 0 levels
are correlated with blood lead levels across a range extending below 10
yg/dl. Although considerable controversy remains regarding the biolog-
ical significance of some of the effects attributed to low lead exposure
(e.g., blood lead levels below 10 pg/dl) remains, the weight of evidence
Is convincing that 1n Infants and children, exposure-effect relationships
extend to blood lead levels of 10-15 tig/dl and possibly lower.

The Uptake/81oklnetlc Model provides a means for evaluating the relative
contribution of various media to establishing blood lead levels. The
results of such an analysis reveal that for areas having air lead levels
that are typical for urban areas In the United States (e.g., 0.25 ng/m3), and
where the predominant lead source Is assumed to be a point source (e.g.,
smelter/smoke stack). Ingtsttd Itad will be the single largest uptake source
1n 2-year-old children; uptake from the respiratory tract will be almost
Insignificant. The model also predicts that «26I of the 2-year-old
children living In such an environment and not exposed to lead-based paint
but expostd to dietary Itad levels as projected for the 1990 U.S. average



will have blood Itad levels >10 pg/dft. Children exposed to lead paint
can be expected to have considerably higher blood lead levels. The Uptake/
B1ok1net1c Model provides a useful and versatile Method for exploring the
potential Impact of future regulatory decisions regarding lead levels 1n
air. diet and soil.
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1. INTRODUCTION

1.1. RFD METHODOLOGY AND RATIONALE FOR RFD DEPARTURE

The Agency has established the RfD for the purpose of quantitative risk

assessment of noncarclnogenic chemicals. The RfD 1s an estimate with an

uncertainty of one or several orders of magnitude of the highest continuous

oral (mg/kg/day) or Inhalation (mg/m3) exposure that can occur over the

human llfespan without the occurrence of adverse* noncarclnogenic health

effects (U.S. ERA, 1987. 1988a). In developing an RfD for a specific

chemical, the best available scientific data on the health effects of the
chemical 1s reviewed to Identify the highest levels of exposure that are

clearly not associated with adverse health effects In humans. Typically,
the highest NOAEL 1s adjusted by an uncertainty factor to derive the RfD.

The uncertainty factor reflects the degree of uncertainty associated with

extrapolating the NOAEL Identified from analysis of relevant human toxlco-

loglcal studies to the most sensitive fraction of the "healthy" human
population.

When human toxlcologlcal data are Inadequate to base conclusions

regarding human NOAELs, NOAELs or LOAELs for the most sensitive animal
species as defined by well-designed animal studies are utilized to derive
the RfD. Doses or exposure levels are adjusted by conversion factors to
account for allometMc (e.g., body weight) and physiologic (e.g., breathing

rates) differences between animal and humans. The adjusted NOAELs or LOAELs
are then adjusted by an uncertainty factor to derive the RfO. Uncertainty
factors for NOAELs derived from animal studies are larger than that for
human NOAELs. reflecting the greater uncertainty associated with
extrapolating dose-effect relationships from animals to humans. Considera-
tion 1s given to uncertainties associated with extrapolations made from less
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than lifetime exposures to lifetime exposures, from LOAELs to NOAELs and for
differences 1n sensitivity between animals and humans.

The RfO approach has yielded useful quantitative estimates of toxic
threshold for many chemicals, and thus, has been used as a "benchmark" on
which to consider regulatory decisions 1n relation to potential Impacts on
human health; however, for reasons that are enumerated below H 1s Inappro-
priate to derive an RfO for risk assessments related to environmental lead.
1.1.1. Absence of a Discernible'Threshold for Htalth Effects of Lead. A
critical assumption Implicit to the RfO 1s the concept of threshold that a
dose level exists below which adverse health effects will not occur. This
assumption precludes developing RfDs based on effects for which thresholds
have not been established from experimental or ep1dem1olog1cal data or for
chemicals for which theoretical considerations suggest the absence of a
threshold. Carcinogens fall Into the latter category; for example, theoret-
ical considerations suggest a finite probability that cancer could arise
from the Interactions of a single molecule of a mutagen with DMA (U.S. ERA,
1986a).

Analyses of correlations between blood lead levels and ALA-0 activity,
vitamin 0 and pyr1m1d1ne metabolism, neurobehavloral Indices, growth and
blood pressure Indicate that the associations may persist through the lowest
blood lead levels In the populations tested <i10-15 i»g/dl>. Thus, It 1s
possible that If a threshold for the toxic effects of lead exists. 1t may
lie within a rangt of blood lead levels <10-15 yg/dfc; however, the data
currently available are not sufficient to adequately define the dose-
response relationship for many of the toxic effects of lead In populations
having blood lead levels <10 pg/di. Henct. It Is not possible to
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confidently Identify a blood Itad Itvel below which no undesirable health
tffects would occur.

There 1s no widely accepted theoretical basis for the absence of a
threshold for many of the health effects associated with lead exposure.
Because the extensive experimental and human epldemlologlcal studies
published to date have failed to establish a threshold. 1t 1s prudent to
assume, for regulatory purposts, that a threshold does not exist.
1.1.2. Multimedia Exposure Sctnarlos. Humans art exposed to Itad from a*
variety of media; the relative contribution of each medium to total lead
uptake changes with age and can vary In magnitude on a site-specific basis.
Infants are born with a Itad burdtn that primarily reflects the mother's
past exposure and metabolic status during pregnancy. Infants and children
are exposed to lead primarily from 1ngest1on of food and beverages and from
Ingestlon of nonfood sources by normal early mouthing behavior and pica.
The Impact of normal tarly mouthing bthavlor and pica will vary depending on
tht levels of Itad 1n house dust, soil and paint, which 1n many but not all
cases will bt primarily rtlattd to air Itad levels 1n tht vicinity.
Examples of txposurt scenarios 1n which levels 1n soil and dust might not be
related to air Itad art situations Involving contamination of soil and dust
with Itadtd paint dusts and deposition of Itad for stationary sources no
longer In operation. Most adults, on tht othtr hand, art exposed primarily
from dietary (food and wattr) sourcts. Occupational exposures, however,
may result In a significant contribution from tht Inhalation, dermal or
Ingestlon routt.

A viable risk assessment Mthodology for Itad that Is to bt of any use
In making rtgulatory decisions or for developing site-specific abatement
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strategics must be flexible enough to Incorporate site-specific Information

on exposure sources and demographic data. An Ideal methodology would
Incorporate such Information or would accept default values where data are
not available and yield quantitative estimates of risk. In terms of
predicted population distributions of blood lead levels.

RfD methodologies do not accommodate such considerations because they
are basically route-specific risk assessments. The RfD can be defined as an

• M

estimate (with uncertainty spanning perhaps an order of magnitude) of a
dally exposure to the human population (Including sensitive subgroups) that
Is likely to be without appreciable risks of deleterious effects during a
lifetime (U.S. ERA, 1988a). For example, an Inhalation RfD 1s an estimate
of the air concentration to which the most sensitive human populations can
be exposed for a lifetime without appreciable risks to adverse effects and
1n the absence of exposures from other sources (e.g.. the oral route). The
latter assumption renders the Inhalation RfO for lead relatively Insignifi-
cant since Inhaled lead contributes only a fraction of total lead uptake.
1.1.3. Blood Lead as the Primary Index of Exposure. The complex nature
of lead exposure has not prevented advances In our understanding of
dose-response relationships for lead 1n humans because many of the health
effects of lead In humans appear to correlate with blood lead levels. Thus,
blood lead (pg/di) 1s a more appropriate "benchmark* for exposure than a
level In air (mg/m3) or an oral exposure level (mg/kg/day) would be.

Although It Is unclear If thresholds exist for many lead exposure
scenarios, significant concern Is associated with blood lead levels. By
estimating changes In blood lead level, one may estimate change 1n risk of
experiencing health effects associated with the blood lead level. By
examining changes In blood lead distribution, estimates of population risk
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may be derived. It Is possible to define critical ranges of blood lead

levels and associated effects. In this way, blood lead levels can be used
to define risk In a relative sense.

The nature of the effects associated with low level lead exposure are
such that a scientific consensus regarding biological significance of many

of the effects, such as neurobehavloral deficits associated with prenatal
exposure, needs further evaluation. Therefore. It Is not anticipated that
critical ranges of blood lead as currently stated will have universal
acceptance, nor Is It reasonable to assume these levels should be univer-
sally applied to all exposure situations for risk assessment purposes. A
given range of blood lead levels Is likely to be associated with a given
level of risk depending on other factors affecting the exposed population.
For example, a given blood lead level may be undesirable In Infants but of
less significance to adults.

A useful risk assessment methodology for lead should provide a popula-
tion distribution of blood lead levels and risk. The risk assessor can then
evaluate the risks associated with such distributions and the potential
benefits of parenting and abatement strategies given the definitions of
critical blood lead levels for specific effects of lead, as well as the
demographics and exposure sources for the population.
1.1.4. Predictive Hoklnetlc Hodels for Lead. It Is currently feasible
to utilize bloklnetlc models to provide predictions of blood lead levels
that will result from any given range of route-Independent lead uptake rates
and vice-versa (U.S. EPA, 1989a). These models allow •benchmark- blood lead

levels to be related quantitatively to route-Independent uptake rates and
can provide estimates of frequency distributions of blood lead levels

associated with any given uptake rate.
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1.1.5. Multimedia Exposure Analysis. Site-specific data or Interna-
tionally consistent default assumptions regarding exposure scenarios and
absorption efficiency for lead Intake from various media can be Incorpo-
rated .Into existing multimedia exposure analysis methods to yield estimates
of the relative contributions of air, dietary and soil lead to any given
estimated lead uptake (U.S. EPA. 1989a). Output from a multimedia analysis
could be used to explore the possible outcomes of regulatory decisions and
abatement strategies on the distribution of blood lead levels In relevant
human populations. For example, a risk assessor could use these predictive
models to estimate the effects of having soil lead at a specific exposure
site on blood lead levels 1n 2-year-old children living In the vicinity of
the site. This would be a far more useful risk management tool than a
route-specific RfD.

In summary, the RfD approach Is Inappropriate for lead based on our
current understanding of the dose-response relationship for the various
effects of lead and multimedia nature of lead exposure. Multimedia exposure
analysis coupled with predictive bloklnetU models, however, provide a
powerful tool for developing an alternative and more useful alternative risk
assessment strategy for lead.
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2. HEALTH EFFECTS SUMMARY

2.1. OVERVIEW

A significant amount of Information regarding the toxldty of lead 1n

humans has been gathered over the past 60 years. The symptoms of overt

toxldty have been described and. for the most part, levels of lead In blood

associated with frank toxldty have been established. There 1s little or no

argument that excessive exposure resulting In lead levels extending upwards

from 30-100 vg/dl 1s associated with a variety of overtly toxic effects
on the peripheral and central nervous systems, kidneys and cardiovascular

system.

In the most recent decade a shift has been seen 1n the emphasis of

research objectives from a focus on overt toxldty to exploration of the
more subtle physiologic, biochemical and neurobehavloral effects that may be
associated with blood lead levels <30 ng/dt, — levels that can be
anticipated to occur in a significant fraction of the general population.
In particular, several factors hive stimulated a renewed Interest in
exploring exposure-effect relationships In Infants and children. These
Include (1) an appreciation that potentially significant lead burdens can be
established In the fetus .In. utero: (2) that specific behavioral patterns of
Infants (4 weeks to 1 year) and children (1 to 5 years) facilitate Intake of
environmental lead; and (3) evidence that Infants and children may be more

sensitive and thus more vulnerable to some of the toxic effects associated
with lead; several factors have stimulated renewed Interest .

Research efforts during the last several years have greatly Improved our
understanding of the effects of low-level lead exposure. The advent of
prospective epldemlologlcal study designs that Incorporate sensitive and
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reproducible measures of physical and mental development has been a particu-

larly Important advancement In this .area, yhlle considerable concerns

remain regarding the biological significance of some of the effects

attributed to low lead exposure, the weight of evidence Is convincing that
In Infants and children, exposure-effect relationships extend to blood lead

levels of 10-15 vg/dl and possibly lower. Evaluations of the most
recent data on blood pressure 1n adults suggest that exposure to lead may
Increase blood pressure. When viewed In relation to the number of children
potentially exposed to environmental lead levels associated with blood lead
levels of 10-15 vg/dt. even small Increases 1n blood pressure may be of
considerable public health significance.

The review that follows summarizes key Issues relating to the toxlco-
klnetlcs and health effects of lead In humans that will have to be con-
sidered In developing a responsible regulatory policy for lead. This review

Is not Intended to be comprehensive but rather an overview of the various
critical aspects of lead toxlclty In humans, with more extensive discussions
of recent Information regarding effects associated with low levels (e.g.,
blood lead levels <10-15 yg/dt). Issues relating to the toxlcoklnetlcs

of lead that are relevant to the validity of predictive models are also dis-
cussed. Discussions of overt toxlclty have been abbreviated Intentionally,
and no attempt has been made to summarize the voluminous literature on
laboratory animals.

An enormous amount of scientific literature regarding the health effects
of lead 1n humans and animals has been published. Much of this Information

Is contained 1n the Air Quality Criteria Document on Lead (U.S. EPA, 1986b),
In subsequent addenda and related U.S. EPA documents (U.S. EPA. 1988a,b;

2164A 2-2 10/31/89



ATSDR/U.S. ERA, 1988) and 1n tht rtcent ATSDR report to the U.S. Congress

(ATSDR, 1988). The reader 1$ referred to these documents for a more
comprehensive treatment of the subjects and literature contained 1n this
Chapter.
2.2. TOXIOXINETICS: ABSORPTION. DISTRIBUTION/BODY BURDEN. METABOLISM AND

EXCRETION

Anthropogenic lead emissions to air consist primarily of lead 1n the
Inorganic form; therefore, the primary focus of this chapter Is the toxlco-
kinetics of Inorganic lead. Organic lead compounds, notably tetraethyl,
tetramethyl, tr1 ethyl and trlmethyl lead, are also released Into the air
during the combustion of leaded gasoline. Lead alkyl compounds will
generally be a minor component of lead released to air, but the toxlcolog-
leal significance can be appreciable under certain circumstances (e.g.,
children who "sniff leaded gasoline). For this reason, the toxlcoklnetlcs
of lead alky Is are also discussed 1n this chapter, with an emphasis on
Identifying Important differences between the toxlcoklnetlcs of Inorganic
lead and lead alkyls.
2.2.1. Absorption. Oral absorption 1s quantitatively the most signifi-
cant route of uptake of Inorganic Itad In most human populations; the
exception 1s occupational exposures In which Inhalation of airborne lead
results 1n significant uptake. Oral absorption can result from 1ngest1on of
food, water and beverages as well as nonfood sources, such as soil and
dust. Percutaneous absorption Is not considered a significant route of
absorption of Inorganic Itad. The rate and extent of absorption of
Inorganic Itad 1s Influenced by tht physical and chemical properties of
environmental Itad. Factors such as particle size and solubility determine
deposition patterns and dissolution ratts within tht tntry portals of the
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body, and may vary with specific exposure scenarios. Biological variation
related to age and nutritional status will also Influence absorption.

Alkyl lead compounds (e.g., trlethyl, tr1methyl, tetraethyl and tetra-
•ethyl lead) are more highly Upophlllc than Inorganic lead and are readily

absorbed from the lung and skin. Extensive absorption from the gastrointes-
tinal tract 1s predicted based on structural similarities between alkyl
leads and alkyl tins.

2.2.1.1. ABSORPTION FROM THE RESPIRATORY TRACT — Inorganic lead 1n

ambient air consists primarily of partlculatc aerosols, having a size dis-
tribution that 1s related to the characteristics and proximity to emission
sources. NMle lead particles 1n most urban and rural air are 1n the
sub-micron range, particle sizes In the vicinity of point sources can vary
considerably (>30 to <2 tun) with distance from the source and meteoro-
logical patterns (Davidson and 0$borne, 1984; Sledge, 1987). The number of
Inhaled lead particles of a given size range will vary with ambient air
concentration and breathing rates. The latter can be expected to vary with
age and physical activity.

The entry of Inhaled lead Into the systemic circulation Involves the
processes of deposition and absorption. Amounts and patterns of deposition
of partleulate aerosols 1n the respiratory tract are affected by the size of
the Inhaled particles, age-related factors that determine breathing patterns
(e.g., nose breathing vs. mouth breathing), airway geometry and alrstream
velocity within the respiratory tract. In general, large particles (>2.5
lim) deposit 1n the nasopharyngeal regions of the human respiratory tract
where high alrstream velocities and airway geometry facilitate 1nert1al
1mpact1on (Chamberlain tt al., 1978; Chan and Uppmann, 1980). In the
tracheobronchlal and alveolar regions, where alrstream velocities are lower,
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processes such as sedimentation and Interception become Important for

deposition of smaller particles (<2 tun). Diffusion and electrostatic
precipitation become Important for sub-micron particles reaching the
alveolar region. Mouth breathing can be expected to Increase aerosol
deposition 1n the tracheobronchlal and alveolar regions because the Inhaled
lead In the air bypasses the Micoclllary obstruction of airflow to bypass
the nasal region (Miller et al.. 1986).

Absorption of lead from the respiratory tract 1s Influenced by particle
size and solubility as well as the pattern of regional deposition.
Particles >2.5 ym In size that are deposited primarily 1n the dilated
airways of the nasopharyngeal and tracheobronchlal regions of the respira-
tory tract can be transferred by mucodllary transport Into the esophagus
and subsequently absorbed from the gastrointestinal tract. Sneezing and
coughing will clear a fraction of this lead from the body; only a fraction
that 1s swallowed Is absorbed 1n the gastrointestinal tract. Therefore,
absorption of lead Initially deposited In the upper respiratory tract will
not be complete. Estimates for fractional absorption of large particles
(>2.5 iim) deposited In the upper respiratory tract range from 40-501
(Kehoe, 1961a,b.c; Chamberlain and Heard. 1981).

Particles deposited 1n the alveolar region can enter the systemic
circulation after dissolution In the respiratory tract or after 1ngest1on
phagocytlc cells (e.g., macrophages). Available evidence Indicates that
lead particles deposited In the alveolar region of the respiratory tract are
absorbed completely. Human autopsy results have shown that lead does not
accumulate In the lung after repeated Inhalation. This suggests complete
absorption from the alveolar region (Barry. 1975; Gross et al.. 1975).
Chamberlain et al. (1978) exposed adult human subjects to 203Pb 1n engine
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txhaust, lead oxide or lead nitrate (<1 »m particle size) and observed

that 90% of the deposited lead was cleared from the lung within 14 days.

Morrow et al. (1980) reported 50% absorption of deposited lead Inhaled as

lead chloride or lead hydroxide (0.25+0.01 yg MMAO) within 14 hours. An

analysis of the radlolsotope dilution studies of Rab1now1tz tt al. (1977) In

which adult human subjects were exposed dally to ambient air lead indicated
that -90% of the deposited lead was absorbed dally (U.S. EPA. 1986b).

Quantitative analyses of the relationship between aerosol particle size
and deposition In the human respiratory tract have been combined with
Information on size distributions of ambient air lead aerosols to estimate
deposition and absorption efficiencies for Inhaled lead in adults and
children (U.S EPA, 1986b; Cohen. 1987). An example of estimates of average
deposition and absorption for adults living In the vicinity of a stationary
industrial source are provided 1n Table 2-1. Summing the fractional absorp-
tion values for each region of lung yields an estimate of 37.7% for the
fractional absorption of Inhaled lead 1n adults living In the vicinity of an
Industrial source. For some urban and rural atmospheres, where sub-micron

particles dominate the airborne lead mass, fractional absorption is
estimated closer to 15-30% (Cohen. 1987).

Breathing patterns, airflow velocity and airway geometry change with

age, giving rise to age-related differences In particle deposition
(Barltrop. 1972; James. 1978; Phalen et al.. 1985). Depositions In various
regions of the respiratory tract In children may be higher or lower than In
adults, depending on particle size (Xu and Yu, 1986). For sub-micron

particles, fractional deposition 1n 2-year-old children has been estimated
as «1.5 times higher than that In adults (Xu and Yu. 1986). Estimates of
regional and total fractional absorption In children can be calculated by
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TABLE 2-1

Estimates of Regional Deposition and Absorption In the Adult Respiratory Tract
of Art lent Air Lead Particles Found Near Point Sources*

Particle
Size Range

<M>

<l.O

1-2.5

2.5-15

15-30

>30

1 Art lent Lead
Distribution

Near Point Sources

12.5

12.5

20

40

15

Average Deposition
Efficiency

ALV*

0.15

0.25

0.20

ID

ID

T-BC

0.05

0.10

0.25

0.05

ID

N-P"

0.003

0.20

0.40

0.95

0.95

Average Absorption
Efficiency of
Deposited Lead

ALV

1

1

1

1

1

T-B

0.4

0.4

0.4

0.4

0.4

N-P

0.4

0.4

0.4

0.4

0.4

I Absorption of
Inhaled Lead

ALV

1.9

3.1

4.0

NC

NC

T-B

0.25

0.5

2.0

O.B

NC

N-P

0.015

1.0

3.2

15.2

5.7

•Source: Cohen. 1987
'Alveolar
'Tracheobronchlat
'Nasopharyngeal
•For <1.0 \M In alveolar region: 12.5 K 0.15 x 1 - 1.91
ID - Insufficient deposition; NC » not calculated
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making age-specific adjustments 1n regional fractional absorption for adults
that are presented In Table 2-1. Adjustment factors for 2-year-old
children, derived from the analysis of Xu and Yu (1986). are shown 1n Table
2-2. Summing the regional values yields an estimate of 421 for fractional
absorption of Inhaled lead 1n 2-year-old children living near a stationary
Industrial source. For general atmospheres 1n which sub-micron particles
dominate tht lead MSS distribution, in adjustment factor of 1.5 can be
applied to the estimated range of 15-301 for adults (Cohen. 1987).

Alkyl lead can occur 1n the atmosphere as a vapor or associated with
atmospheric partlculates (Harrlson and Laxen, 1978). The retention and
absorption of gaseous tetraethyl and tetramethyl lead has been examined 1n
volunteers who Inhaled 203Pb-1abe1ed tetraalkyl lead (Heard et al.. 1979).
Initial lung retention was 37 and 511 for tetraethyl and tetramethyl lead,

respectively. Of these amounts, 401 of tetraethyl lead and 201 of tetra-
methyl lead was exhaled within 48 hours; the remaining fraction (tetraethyl.
601; tetramethyl, 801) was absorbed. Respiratory absorption of partlculate
alkyl lead has not been studied.

2.2.1.2. GASTROINTESTINAL ABSORPTION — The gastrointestinal tract Is

the primary site of absorption of lead 1n children and most adult popula-
tions, with the exception of those subject to occupational exposure (U.S.
ERA. 1986b). Sources of Input to tht gastrointestinal tract Include lead
Ingested In food and btvtragts and lead Ingested In nonfood material such as
dust, soil and lead-based paint. Nonfood materials tre particularly
Important sources of lead Intake In children because of normal mouthing
behavior and pica. Inhaled lead that Is deposited 1n tht upper respiratory
tract and subsequently swallowed also contributes to gastrointestinal Input
(U.S. EPA. 1986b, 1989a).
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TABLE 2-2

Age Factor Adjustments for Calculating Deposition and Absorption
of Ambient Air Lead Particles (Found Near Point Sources)

In the Respiratory Tract of 2-Year-Old Children*

Particle
Size Range

(ym)

<1.0

1-2.5

2.5-15

15-30

>30

Age Factor Adjustment
Deposition Efficiency
ALVC T-Bd N-P«

1.5

1.3

0.5

ID

ID

1.5

1.7

1.4

0.5

10

1.5

1.5

2.0

1.0

1.0

% Absorption of
Inhaled Lead0

ALVf

2.9

4.0

2.0

NC

NC

T-B

0.4

0.9

2.8

0.4

NC

N-P

0.02

1.5

6.4

15.2

5.7

^Source: Xu and Yu, 1986
DSummlng the regional values yields an estimate of 42% for fractional
absorption of Inhaled lead.

cAlveolar
dTracheobronch1al
*Nasopharyngea1
fFor <1.0 >« In alveolar region: 1.9% (from Table 5-1) x 1.5 - 2.9%
ID • Insignificant deposition; NC » not calculated
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Gastrointestinal absorption of lead varies with age. diet and

nutritional status as well as the chemical species and particle size of the
Ingested lead. Dietary balance studies have yielded estimates ranging from
7-151 for gastrointestinal absorption In adults (Kehoe, 196U,b,c;
Chamberlain et al., 1978; Rablnowltz et al., 1980). Absorption may be 3-5
times greater 1f oral Intake occurs during a period of fasting (Blake. 1976;
Chamberlain et al., 1978; Heard and Chamberlain. 1982).

Gastrointestinal absorption of dietary lead 1s greater In Infants and
children than In adults. A balance study In Infants of ages 2 weeks to 2
years, yielded estimates of 421 for children with dietary Intakes of 25 >ig
Pb/kg bw. Lower dietary Intakes were associated with highly variable
absorption (Zlegler et al., 1978). A study conducted with Infants and
children of ages 2 months to 8 years (dally Intake. 10 pg Pb/kg bw)
yielded estimates of 531 for gastrointestinal absorption (Alexander et al.,
1973).

Gastrointestinal absorption of lead Is affected by a variety of dietary
and nutritional factors. The results of numerous studies of the effects of
diet on lead absorption and retention In humans and animals are summarized
1n the A1r Quality Criteria Document for Lead (U.S. EPA. 19865). Based on
the results of these studies, 1t can be predicted that Increased gastro-
intestinal absorption of lead may occur 1n populations consuming diets low
or deficient In calcium. Iron, phosphate, copper, vitamin D, protein or
fiber, or diets having a 11p1d content. This suggests that Individuals with
poor nutritional status may absorb more lead from environmental sources.

Gastrointestinal absorption of lead a Iky Is Is not likely to be an
Important route of uptake of environmental lead because of the relatively
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high volatility of Itad alkyls. The exception would be 1n situations where
people are Ingesting groundwattr contaminated with tetraethyl lead. The

addle environment of the stomach will promote the conversion of tetraethyl
and tetramethyl lead to the corresponding trialkyl derivatives (U.S. EPA,
1986b). Although the absorption of trlalkyl leads has not been studied,
extensive absorption Is predicted based on Information regarding the gastro-
intestinal absorption of the structurally similar Group IV analogs, tr1ethyl
and trlmethyl tins (Barnes and Stoner. 1958).

2.2.1.3. PERCUTANEOUS ABSORPTION — Inorganic lead Is not readily

absorbed through the skin. Values of 0-0.31 of administered dose were
reported for humans exposed to dermal applications of cosmetic preparations
containing lead acetate. The highest absorption was observed when the skin
was scratched (Moore et al., 1980). Thus, percutaneous absorption 1s not
considered to be a significant route of uptake of Inorganic lead 1n humans,
relative to gastrointestinal and respiratory tract absorption. This
contrasts with lead alky Is that are absorbed through the skin to a greater
extent than Inorganic lead.

Tetraethyl and tetramethyl lead are rapidly absorbed through the skin 1n
rabbits and rats (Kehoe and Thamann, 1931; Laug and Kunze. 1948). Evapora-
tion can be expected to compete with absorption for removal from skin;
however, even under conditions 1n which evaporation was allowed to occur,
percutaneous absorption of tetraethyl lead was 6.51 (Laug and Kunze. 1948).
2.2.2. Tissue Distribution of Lead. Mineralized tissues (e.g., bone and
teeth) are the single largest pool for absorbed lead, accounting for «95l
of total lead burden 1n adults and slightly less 1n children (Barry. 1975,
1981). Lead not contained 1n mineralized tissue Is distributed 1n soft
tissues, primarily blood, liver and kidneys. Small amounts accumulated 1n
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other soft tissues such as brain, although not quantitatively significant to

the overall distribution of the body burden, are of considerable toxlcologl-

cal Importance. Lead readily transfers across the placenta and distributes
to fetal tissues (Horluchl et al.. 1959; Barltrop. 1959; Belllnger et al..

1987a; DletMch et al.. 1987).

Elimination half-lives for lead In soft tissues are relatively short

(weeks). Estimates of elimination half-lives for lead 1n blood In adults
range from 15-35 days (Chamberlain et al.. 1975. 1978; Rablnowltz et al..

1973. 1976). Studies using adult and juvenile baboons Indicate that elimi-
nation half-life for kidney and liver, and probably other soft tissues, are
similar to that for blood (Harley and Knelp. 1985). Because of the
relatively short half-life, accumulation In soft tissue does not continue

over the lifetime exposure (Schroeder and Tlpton, 1968; Barry and Mossman.
1970; Barry. 1975. 1981). The exception Is the kidney cortex. In which lead
can accumulate 1n nuclear Inclusion bodies In uremlc or hypertensive persons
(Indrapraslt et al.. 1974). Abrupt Increases In blood lead levels can be
expected to result In new higher steady-state levels 1n blood and other soft
tissues within 60-120 days (Tola et al.. 1973; Griffin et al.. 1975);
however, following a decrease In uptake, lead 1n bone and other tissue

stores slowly redlstrl- butes to blood. Thus, more time may be required to
achieve a new steady- state blood level after uptake decreases, depending on
the level and duration of prior exposure (Rablnowltz et al.. 1977;
O'Flaherty et al.. 1982; Gross. 1981).

Elimination half-lives In children and adults for mineralized tissue,
such as bone, are considerably longer than for soft tissues (years). As a
result, a decade or more of constant exposure Is required to achieve a
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steady state 1n bone (Rablnowltz et al., 1976; Holtzman, 1978). Bone lead
can provide a store for continuous release of lead to soft tissues 1n the

event that uptake decreases (O'Maherty et al.. 1982). Metabolic stress
resulting In Increased bone turnover or de<n1nera!1zat1on. such as that which

normally occurs during pregnancy or aging, may accelerate release of lead

from bone (Hanton, 1985; Orasch et al.. 1987; Zarlc et al.. 1987; Sllbergeld

et al., 1988). Therefore, the potential exists for a portion of the bone

lead burden of the parent to be transferred to the fetus during pregnancy.
Limited studies on the subcellular distribution of lead In humans and

more extensive studies using animals have shown that lead accumulates 1n the
nucleus and mitochondria (Coyer tt al.. 1970; Cramer et al.. 1974; Flood et
al.. 1988). Approximately 75% of lead 1n erythrocytes Is bound to hemo-

globin and other Intracellular proteins; most of the remaining 25X is
thought to be associated with low molecular weight llgands such as ami no
adds and nonproteln thlols (Bruenger et al., 1973; Raghaven and Gonlck,

1977; Everson and Patterson. 1980; Ong and Lee. 1980; DeSllva, 1981). Fetal

hemoglobin has a greater affinity for lead than adult hemoglobin (Ong and
Lee, 1980). The fraction of blood lead In serum Increases with Increasing
blood lead levels >40-50 yg/dl. and may approach 2% of whole blood lead
at blood lead levels >100 wQ/dl (Wanton and Cook, 1984).

Tissue distribution of lead after exposure to tetraethyl or tetramethyl
lead primarily reflects the distribution of the dealkylatlon products,
trlalkyl, dlalkyl and Inorganic Itad (Cremer. 1959; Cremer and Galloway,
1961; Stevens tt al.. 1960). In blood, partitioning of lead between the
plasma and erythrocyte fractions varies with animal species and metabolism.
Trlethyl and trlmethyl lead bind tightly to rat hemoglobin and concentrates

In erythrocytes In this species. Human erythrocytes have a relatively low

2164A 2-13 10/31/89



affinity for tr1ethyl and tr1m«thyl Itad (Bylngton tt al.. 1980). After
txposure to tftraalkyl Itads, trlalkyl Itads art found 1n tht plasma (Botckx
tt al., 1977; Goldlngs and Sttwart, 1982). Afttr humans Inhale 203Pb-
labtltd tttratthyl and tttramtthyl Itad, Itad distributes In whole blood
primarily 1n tht plasma fraction (Htard tt al., 1979). Clearance from whole
blood 1s nearly complete within 10 hours and Is followed by tht rtapptarance
of Itad In trythrocytts. Tht shift In distribution of Itad from tht plasma
to tht trythrocytt fraction of whoIt blood nay rtfltct dtalkylatlon In
tissues and tht apptaranct of dial kyl or Inorganic Itad 1n tht blood, which
has a higher affinity for trythrocytts than do tetraalkyl or trlalkyl Itads.

Ltad distributes to a variety of tissues afttr exposure to Itad alkyls.
Ltvtls of Itad art highest 1n liver followtd by kldnty and brain 1n humans
that havt bttn txpostd to tttratthyl and tttramtthyl Itad (Bolanowska tt
al.. 1967; Grandjtan and Nlelson, 1979). Tht kinetics of tilmlnation of
trltthyl Itad 1n humans has bttn dtscrlbtd by a two-compartmtnt model having
half-lives of 35 and 100 days (Yamamura tt al.. 1975).

2.2.2.1. METABOLISM Of LEAD — Metabolism of Inorganic Itad consists
primarily of reversible llgand reactions Including tht formation of
complexes with ami no acids and nonprottln thlols and binding to various
cellular proteins (Brutngtr tt al.. 1973; Raghavtn and Gonlck, 1977; Evtrson

and Patttrson. 1980; Ong and Ltt. 1980; DtSllvt. 1981).
Tttratthyl and tetramtthyl Itad undtrgo oxldatlvt dtalkylatlon to tht

corresponding trlalkyl derivatives, which art thought to bt tht nturotoxlc
forms of thtst compounds. Dtalkylatlon of tetraalkyl Itad occurs 1n a
vaHtty of species. Including humans (U.S. EPA. 1986b). Tht conversion from
tetraalkyl to trlalkyl Itad Is catalyztd by a cytochromt P-450 dtptndtnt
monooxygtnast system In liver mkrosomes (Klmmtl tt al., 1977) and occurs
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rapidly. The maximum rate of conversion of tetraethyl lead to tr1ethyl lead
was estimated to be 200 pg/hour/g liver 1n rats (Cremer, 1959). Complete
dealkylatlon to Inorganic lead has- been shown to occur 1n a variety of
species. Including humans. The formation of Inorganic lead from tetraalkyl
leads may account for the hematologlcal effects associated with chronic
exposure to alkyl leads, Including exposure of children who Inhale leaded
gasoline.

2.2.2.2. EXCRETION OF LEAD — Lead that 1s absorbed from all routes
1s excreted 1n the feces by biliary secretion, and 1n the urine. 1n *l:2
proportions (Chamberlain et al., 1978). Approximately 50-601 of absorbed
lead 1s excreted with a half-life of 30-50 days. The remaining fraction 1s
distributed to tissues, primarily bone, and 1s excreted with a half-life of
several years (Kehoe, 1961a,b,c; Rab1now1tz et al., 1976; Chamberlain et
al.. 1978).

Lead 1s excreted primarily In the urine as deal Icy lated products after
exposure to lead alkyls. The chemical form that appears 1n urine may vary
with animal species. In humans exposed to tetraethyl lead. «10I of
urinary lead Is 1n the fora of tr1ethyl lead (U.S. EPA. 1986b).

2.2.2.3. BICXINETIC MODELS — Several mathematical models have been
developed to describe uptake, distribution .and excretion of lead (Rab1now1tz
et al.. 1976; Knelp et al., 1983; Marcus. 1985a.b.c). These-models are
Important for risk assessment because they provide a basis for making
predictions about levels of lead In various physiological compartments that
would be associated with t given rate of uptake or exposure level. The
various models that have been suggested differ In complexity with respect to
the number of physiological compartments described, and assumptions
regarding kinetics of exchange between compartments.
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The model proposed by Rab1now1tz et al. (1976) was based on the results
of radlolsotope tracer studies using volunteers. The model specified three
physiological compartments for lead distribution: blood, soft tissue (other
than blood) and bone.

The model proposed by Knelp et al. (1983) was based on kinetic constants
derived from single Injection studies and chronic oral exposures 1n adult
and juvenile baboons (Knelp et al., 1983). The model was subsequently
modified to Incorporate age-related changes In metabolism and physiology 1n
humans (Harley and Knelp, 1985). Figure 2-1 Illustrates the model for
2-year-old children. Three major tissue compartments that exchange with the
blood compartment are defined In the model: bone, liver, kidney and gastro-
intestinal tract. First-order rate constants for exchanges between blood
and tissues are defined along with rate constants for transfers of lead from
liver to the gastrointestinal tract (e.g., biliary secretion) and from blood
Into the urine.

Marcus (1985a,b,c) proposed a more elaborate model based on measurements
obtained from a volunteer subject who Ingested lead (OeSllva. 1981). In
addition to soft and hard tissue compartments, the model Includes an
expanded blood compartment containing four subcompartments: "deep" and
"shallow" pools 1n the erythrocyte. and a diffusible and protein bound pool
In plasma. A unique feature of this model Is that It addresses nonllnear-
1t1es 1n the relationship between lead 1n blood and lead In plasma.

Of the various models that have been proposed, the Harley and (Cnelp
(1985) model Is unique In that 1t yields age-specific predictions for lead
levels In the major tissues given specified ratts of Itad uptake Into blood.
This makes It particularly suitable for applications to risk assessments In
which predictions concerning the distributions of blood lead levels among
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various age groups within exposed populations art essential. Furthermore,

because lead uptake 1s a primary Input to the model, the model can be used
In conjunction with multimedia uptake models to predict blood lead levels
associated with exposure levels 1n various environmental media. The Harley
and Knelp (198S) model has been successfully validated using available human
experimental and autopsy data (U.S. EPA, 1989a). Because this model was
developed specifically to predict tissue lead concentrations over time 1n
young children with continuous lead uptake, the'model was selected by the
Office of A1r Quality Planning and Standards (U.S. EPA, 1989a) for predict-
1ng blood lead levels that would be associated with lead uptakes derived
from the Integrated lead uptake methodologies described 1n Chapter 4 of this
document. A more complete discussion of the Integration of the Harley and
Knelp (1985) model with lead uptake models Is presented 1n Chapter 4.
2.3. SYSTEMIC AND TARGET ORGAN TOXICITY

2.3.1. Nturobehavloral Toildty.
2.3.1.1. LEAD NEUROTOXICITY IN ADULTS — Severe lead neurotoxlclty 1s

characterized by overt symptoms of Irritability, shortening of attention
span, headache, muscular tremor, peripheral neuropathy, abdominal pain, loss
of memory and hallucinations. Delirium, convulsions, paralysis and death
can also occur. In adults, some of these overt symptoms may become apparent
at blood lead levels 1n the range of 40-60 j*g/di (U.S. EPA, 19865).

Nonovert symptoms of neurotoxlclty that have been associated with lead
exposure In adults Include Impaired performance on psychomotor tests,
decreased nerve conduction velocity and Impaired cognitive function (e.g.,
IQ). Blood lead levels associated with these effects range upwards from 30
ug/dft (U.S. EPA, 1986b).

•
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2.3.1.2. LEAD NEUROTOXICITY IN CHILDREN — Symptoms of overt neuro-

toxlclty In children are similar to those that are observed 1n adults.
Based on a review of available data. U.S. EPA (1986b) concluded that overt
symptoms can be anticipated 1n the most sensitive children having blood lead
levels i20 pg/dft.

Nonovert symptoms of neurotoxldty that have been reported 1n children
Include Impairments or abnormalities In psychomotor and cognitive function.
Numerous studies have examined psychomotor and cognitive function of
"high-risk." populations of children. Such populations are those typically
Identified from clinical lead screening programs as having elevated blood
lead levels, children with previous histories of lead encephalopathy or
paint pica and children with possible occupational exposure (e.g.. lead
pottery manufacture). Based on an extensive review of these data, the
Agency concluded that, although the evidence Is not conclusive, severe
psychomotor and cognitive deficits appear to be associated with blood lead
levels at the range of 240-60 pg/dft (U.S. EPA. 19865).

Studies of general pedlatrlc populations (e.g.. Infants and children
with no known history of excessive exposure or toxldty) provide Information
about subtle neurological effects 1n children with lower blood lead levels
and body burdens than the studies of high-risk populations. An extensive
Agency review of these studies concluded the following (U.S. EPA. I986b):

1) they are suggestive of relatively minimal (If any) effects on IQ
1n general populations, especially 1n comparison with the much
larger effects of other factors (e.g.. social variables), at the
exposure levels evaluated In these studies (blood lead levels
mainly In the 15-30 yg/dft range); and 2) they are not
Incompatible with findings of significant lead effects on IQ at
average blood lead levels (230
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Several large-scale studies have been reported since completion of the
above analysis (U.S. EPA, 1986b) that Indicate effects on mental development
and cognitive ability associated with blood lead levels ilO-15 jig/dl. A
brief discussion of the key prospective studies of mental development 1n
Infants and young children Is presented In Section 2.4.1. of this document.

Two recent cross-sectional studies on cognitive ability 1n school-aged
children have been reported. As shown In Figure 2-2, an Inverse linear
association between Stanford-01 net 10 scores and contemporary blood lead
levels was seen over the entire range of 6-47 yg/dfc In a study of
uniformly low sodoeconomlc status black children, 3-7 years old (Hawk et
al., 1986; Schroeder and Hawk, 1987). A study of 6- to 9-year-old children
In Edinburgh. Scotland, also Indicated a negative linear correlation between
blood lead and scores on tests of cognitive ability (Fulton et al.. 1987).
The correlation extended across a range of 5-22 yg/dft mean blood lead
levels (Figure 2-3).

A more recent study examined data on nerve conduction velocity 1n
children living 1n the vicinity of a lead smelter (Schwartz et al.. 1988).
Based on "hockey stick," quadratic and logistic regression analyses of the
maximal nerve conduction velocity and blood lead level data In 202 children
(ages 5-9 years), a threshold for decreased maximal nerve conduction was
estimated to be within the range of 20-30 iig/di (Figure 2-4). Animal
studies provide the opportunity to examine neurobehavloral effects of lead
under controlled conditions, which are not possible In human studies.
Recent data with nonhuman primates provide strong support for high
sensitivity to lead In newborns (levin et al.. 1988; Bushnell and Bowman.
1979a.b; Gilbert and Rice. 1987).
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2.3.2. Efftcts of Lead on Heme Biosynthesis and Erythropo1ts1s. The
process of heme biosynthesis 1s outlined In Figure 2-5. Lead Interferes
with heme biosynthesis by decreasing the activity of the enzymes ALA-D and
ferrochelatase. Increased activity of the enzyme ALA-S may also occur as a

secondary effect of feedback regulation. While these effects can be most

readily demonstrated in erythroblast. there Is evidence that Indicates lead

may derange heme biosynthesis In other tissues. Including the central

nervous system (Moore and Goldberg 1985; SUbergeld, 1987). Thus, altered

heme metabolism In erythroblasts may be Indicative of similar disruptions In

other erythropoletlc tissues that may contribute to more severe systemic or

neurological effects.

Significant impairment of hemoglobin synthesis occurs In adults at

relatively high blood levels. The threshold for a decrease 1n blood
hemoglobin In adults and children Is achieved at a blood lead level of 50

wg/dl (Meredith et al., 1977; Mschbeln. 1977; Alvares et al., 1975).

Frank anemia In adults has been associated with levels >80 ng/di (Tola
et al., 1973; Grandjean. 1979; tills et al., 1978; Wada et al.. 1973; Baker
et al., 1979). The relationship between blood lead levels and heme

biosynthesis 1n other sensitive tissues, such as central nervous or
cardiovascular tissues, has not been characterized.

The effects of lead on erythroblast heme biosynthesis can be detected

from measurements of the activity of erythrocyte ALA-0 or levels of EP, a
substrate for ferrochelatase. Erythroblast ALA-0 activity Is Inversely
correlated with blood lead level In Infants, children and adults (Figure
2-6); the correlation persists when examined across a range of blood lead

levels <3-4 vg/di. suggesting that Inhibition of ALA-0 may occur at
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these low blood lead levels (Hernberg and Nlkkanen, 1970; Hernberg et al.,

1970; Roels et al.. 1975. 1976; lauwerys et al., 1978; CMsolm et al..

1985). The dose-response relationship for ALA-0 Inhibition at levels <20

ug/di has not been completely characterized; therefore, the existence of
a threshold has not been verified.

The extensive Information regarding the effects of lead on EP levels In

humans 1s critically reviewed 1n several Agency documents (U.S. EPA, 1986a;

ATSDR/U.S. EPA, 1988). The threshold for elevated EP In children 1s =15

ug/dl (Roels et al.. 1976; Plomelll et al.. 1982; Hammond et al.. 1985;

Rablnowltz et al., 1966). A dose-response analysis based on the data from

P1ome1l1 et al. (1982) Is shown 1n Figure 2-7. The dose-response relation-

ships for elevated EP In children and adults when examined across a range of

blood lead levels extending from 10-40 ug/di Indicate that children are

more sensitive than adults and that adult females may be more sensitive than
males (Roels et al., 1976). The lower range of blood lead levels at which

EP levels become elevated Is below that associated with decrement In blood
hemoglobin levels and anemia (Hammond et al., 1985). Elevated protopor-

phyrln levels, although not necessarily an adverse effect per se. are

Indicative of disturbances 1n heme metabolism that may extend to other heme
proteins. . _

The enzyme P5N 1s also Inhibited by lead (Paglla and Valentine. 1975).

This enzyme catalyzes the dephosphorylatlon of pyrlmldlne nucleotlde

monophosphates and plays an Important role 1n the regulation of the levels

of pyrlmldlne nucleotldes within the erythroblast. The pathological
significance of Inhibition of P5N by lead Is unknown; however, congenital
deficiency of this enzyme. In which <10% of normal activity Is present in
the erythroblast. Is associated with a syndrome of hemolytlc anemia
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(Valentine tt al., 1974). Thus, Inhibition of erythroblast P5N may
contribute to the anemia associated with relatively high blood lead levels
(280 tig/dft) (Tola et al.. 1973; Grand jean. 1979; L111s et al.. 1978;
Wada et al.. 1973; Baker et al.. 1979). The Inhibition of P5N may also
contribute to a disruption of mRNA and protein biosynthesis 1n the
erythroblast.

Inhibition of P5N 1n human erythrocytes can be detected from measure-

ments of the levels of pyr1»1d1ne nucleotlde monophosphate substrates for
this enzyme or from measurements of catalytic activity of erythrocyte
preparations. Levels of erythrocyte pyr1m1d1ne nucleotlde monophosphate are
elevated In children that have blood lead levels exceeding 30 vg/dl.
This suggests that significant Inhibition of P5N occurs at blood lead levels
>30 vg/dfl, (Angle et al.. 1982). Catalytic activity of erythrocyte P5N
1s Inversely correlated with blood lead 1n children (Angle and Hclntlre.
1978; Angle et al., 1982). The correlation persists when examined across a
range of blood lead levels extending from 7-80 yg/dft, suggesting that

Inhibition of P5N may occur at levels possibly <10 ug/dft (Figure 2-8).
In conclusion, the available Information Indicates the potential for

undesirable effects on heme biosynthesis and erythroblast pyr1m1d1ne metabo-
lism 1n children with blood lead levels >10-15 ug/di, and possibly at
lower levels.
2.3.3. Effects on tht Kidney. Acute lead-Induced nephrotoxldty Is
characterized by proximal tubular nephropathy. Characteristic lesions
described In both humans and animals Include nuclear Inclusion bodies and
mltochondHal changes In tht epithelial cells of pars recta of the proximal
tubule and Impaired solute rtabsorptlon (e.g.. glucose, amlno adds.
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phosphate). Chronic toxldty 1s characterized by Interstitial flbrosls and

decreased glomerular filtration rate (Goyer, 1982; U.S. EPA, 1986b;
ATSDR/U.S. EPA, 1988).

Acute nephrotoxldty has been observed 1n children with lead encephalo-
pathy and 1s associated with relatively high blood lead levels (I.e., >60
vig/dfc) (Chlsolm et al.. 1955; Chlsoln 1962, 1968; Pueschel et al., 1972;
U.S. EPA, 1986b). Chronic nephropathy. Indicated by nuclear Inclusion
bodies, mitochondria!, changes. Interstitial flbrosls and glomerular changes,
has been associated with prolonged (210 years) occupational exposures and
blood lead levels >40-60 pg/dft (1111s et al.. 1968; Cramer et al.. 1974;
B1ag1n1 et al.. 1977; Heeden et al.. 1975, 1979; Buchet et al.. 1980; Hong
et al., 1980).
2.3.4. Effects of Lead on Blood Pressure. The relationship between
concurrent blood lead levels and blood pressure 1n adults has been examined
In several epldemlologlcal studies. Particularly notable are four large
epidemiology studies: BRHS, NHANES II analysis and two studies conducted 1n
Hales. The estimated change In mean systolic blood pressure for a doubling
of blood lead, as assessed from analyses of these four large-scale studies
(Pocock et al.. 1988) 1s shown 1n Figure 2-9.

The BRHS study analyzed data on blood lead levels and blood pressure In
7735 middle-aged men (aged 40-49) from 24 British towns (Pocock et al.,
1984. 1985. 1988). Systolic and dlastollc blood pressure were positively

*

correlated with blood lead levels across a range of blood lead levels
extending from «10-40 yg/di. Based on a linear regression analysis of
the data. It was predicted that doubling of blood lead levels was associated
with an Increase of 1.45 mm Hg systolic pressure and 1.25 mm Hg dlastollc

pressure.
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(Elwood tt al.. 1988a.b). Shown art «tan$ and 951 confldtnct

Sourct: Pococfc tt al.. 1988

2164A 2-32 10/21/89



Several analyses of data on blood pressure and blood lead levels from

NHANES II have been reported (Harlan et al.. 1985; Plrkle et al.. 1985;

Landls and Flegal. 1987). Systolic and dlastollc blood pressure was posi-

tively correlated with blood lead levels over a range of blood lead levels

that extended from 7-34 vg/dt. Based on a linear regression analysis of

data from «20,000 subjects. It was predicted that a doubling of blood lead
• „

levels (e.g.. from 8-16 vg/dl) was associated with an Increase of 2-3 mm

Hg systolic blood pressure.

Two surveys conducted 1n Hales examined the relationship between blood
lead and blood pressure (Elwood tt al.. 1988a,b). The Welsh Heart Programme
analyzed data from 865 men and 856 women. Mean blood lead levels were 12

vg/dt for men and 10 vg/dl for women. A regression analysis was

applied to the data. No statistically significant relationship between
blood pressure and blood lead level was established. The Caerphllly
Collaborative Heart disease study analyzed data from 865 adult males living
In Caerphllly. Hales (Elwood et al., 1988b). Regression analysis did not
reveal a statls- tlcally significant relationship between blood pressure and

blood lead.
In addition to the four large-scale studies described above, preliminary

analysis of a cross-sectional study from Canada was recently reported (Ner1
et al.. 1988). This study analyzed data from 2193 subjects. A statistic-
ally significant relationship between blood lead levels and dlastollc blood
pressure was reported. Several small-scale studies have been reported that
show significant relationships between occupational exposure to lead and
blood pressure (Sharp et al.. 1988; HeUs et al.. 1988; Noreau tt al.. 1988).

Although the results of Individual studies vary with respect to the
quantitative relationship between blood lead and blood pressure, the weight
of evidence provided by the several large scale epidemiology studies and
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numerous small scale epidemiology studies supports the existence of a
positive correlation between blood lead level and blood pressure. In

addition, the results of numerous animal studies support a dose-response

relationship between lead exposure and elevated blood pressure. Chronic

exposure to inorganic lead Increases blood pressure In laboratory animals
(Vlctery, 1988). Increases plasma renln activity (Vander, 1988) and appears

• m

to sensitize the vascular endothellum to pressor agents (Chal and Uebb,
1988). The correlation between blood lead levels and blood pressure In

humans appears to extend to blood lead levels <20 yg/dl, and possibly to
as low as 7 yg/dl. This suggests that as blood lead level Increases >7
ng/dl to levels >20 v9/dl, the risk for Increased blood pressure
Increases. The precise function that describes the dose-effect relationship

over a range of blood lead levels <40 yg/dl has not been characterized.
This may reflect, In part, the relatively small quantitative effect of blood
lead on blood pressure. Assuming a linear relationship between blood lead
level and blood pressure, the BRHS and HHANES II analyses predict an
Increase of 1-3 mm Hg systolic blood pressure for a doubling of blood lead

level (e.g., from 8-16 yg/dl). UUh such a low magnitude effect, detec-
tion of effects <10 yg/dl may not be possible even with large-scale

epidemiology studies, such as the NHANES II analysis. Nevertheless, a

sustained Increase In blood pressure of only a few mm Hg may have a signifi-
cant public health Impact in terms of cardiovascular and related diseases
(Plrkle et al., 1985).

2.3.S. Effects of Lead on Serum Vitamin 0 Levels. 1.25-Olhydroxy-
cholecaldferol, the active from of vitamin 0. Is a hormone that plays an
Important role In the regulation of gastrointestinal absorption and renal
excretion of calcium and phosphorus and In the mineralization of bone.
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Deficiencies 1n 1,25-d1 hydroxycholecaldferol are associated with decreased

bone mineralization and clinical syndrome of rickets In children. 1,25-Dl-
hydroxycholecaldferol may also stimulate gastrointestinal absorption of
lead (Smith it al., 1978). Strum levels of 1,25-d1 hydroxycholecaldferol
are Inversely correlated with blood lead 1n children (Rosen et al., 1980;
Mahaffey et al., 1982). The correlation persists when examined across a
range of blood lead levels extending from 12-60 yg/dft; however, the
dose-effect relationship has not been characterized (Figure 2-10). Based on
a linear regression analysis of data on serum l,25-d1 hydroxychol ecaldf erol
and blood lead levels In children as well as data on l,25-d1 hydroxychole-
caldferol levels In other vitamin D related clinical disorders In children.
1t has been predicted that Increasing the blood lead levels from 12
tig/do, to 60 yg/dft will lower serum 1,25-d1 hydroxychol ecaldf erol to
clinically adverse levels (Mahaffey et al., 1982). Chronic depression of
serum 1,25-dlhydroxycholecaldftrol levels of a much smaller magnitude than
that associated with frank clinical disorders of caldum and phosphate
metabolism have the potential to alter bone development and growth 1n
children; therefore, blood lead levels >12 pg/dfc should be considered
potentially undesirable with respect to changes 1n l,25-d1hydroxychole-
caldferol levels In children.
2.4. DEVEUJPMEMTAL/REPROOUCTIVE TOXICITY AND GENOTOXICITY

2.4.1. Mental Development In Infants and Children. The effects of
prenatal and neonatal lead exposure on fetal and neonatal mental development
have been examined 1n several epldemlologlcal studies. Four prospective
studies Initiated In the cities of Boston, Cincinnati. Cleveland and Port
P1r1e, Australia art particularly notable. Bastd on an extensive
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evaluation of these studies, the EPA concluded that "All of these studies

taken together suggest that neurobehavloral deficits. Including declines 1n

Bayley HOI scores and other assessments of neurobehavloral function, are
associated with prenatal blood lead exposure levels on the order of 10-15
tig/dft, and possibly even lower, as Indexed by maternal or cord blood
lead concentrations" (U.S. EPA, 1986b). Evaluations of more recent follow-
ups reinforce this conclusion.

Boston prospective study. The Boston study consisted of a longitu-

dinal analysis of mental development 1n Infants (Bellinger et al., 1987a.b.
1989a). Infants were classified according to "low." "mid" or "high"
exposure groups, based on cord blood lead levels at birth: "low." <3
yg/di; Mm1d," 6-7 Hg/dl; "high," 10-25 pg/di. The Bayley HOI
was administered to each child at ages 6. 12. 18 and 24 months. Data were
collected on a large number of social and medical covarlates. Including care
taking and parental Intelligence. A deficit of 4.8 points on the MO I was
detected 1n children whose blood lead levels were 10-25 pg/dl at birth,
as compared with children whose blood lead levels were <3 pg/dl at birth
(Bellinger et al.. 1987a). A plot of covar1ated-adJusted HOI scores vs. age
at testing for each group In the Bel linger et al. (1987a) study 1s shown 1n
Figure 2-11.

Preliminary results of an analysis of data collected 1n a follow-up
study has been reported (Bellinger et al.. 1987b, 1989b). At age 57 months,
scores on the McCarthy Scales GCI were Inversely associated with blood lead
level at age 24 months (3-25 yg/di), but were not correlated with cord
blood lead levels at birth. Improvement of cognitive performance, as
assessed from the GCI, appeared to bt related to concurrent blood lead as
well as prenatal blood lead and sodoeconomlc factors. It appeared to be
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more likely that cognitive deficits persisted to age 57 months 1n children
with higher postnatal blood lead levels or less favorable socloeconomk
factors or both.

The data reported thus far from the Boston study Indicate that lead
levels within or exceeding the range 10-25 tig/dft are associated with
decrements or delays 1n mental development. This 1s consistent with a 10-15
tig/di range of concern for undesirable effects 1n children.

Cincinnati prospective <tudv. The study Initiated 1n Cincinnati

consisted of a longitudinal analysis of mental and physical development 1n
Infants (DletHch et al.. 1987. 1988). MOI was measured at 3, 6, 12 and 24
months. Structural equation modeling, a form of regression analysis, was
used to examine statistical Interactions between HOI scores and both
prenatal blood lead levels (range 1-27 tig/da), cord blood lead levels
(1-28 iig/dl) and neonatal (10-day) blood levels (1-22 yg/dft), as well as
several other possible covarlables. Including medical and sodoeconomlc
parameters. The analysis revealed a statistically significant relationship
between elevated prenatal and cord blood lead and lower HOI scores at 3 or 6
months of age. At 12 months of age, however, neither prenatal nor cord
blood levels were significantly related to HOI scores although the relation-
ship between neonatal (10-day) blood lead and HOI scores remained statisti-
cally significant. At 24 Months, neither prenatal, cord blood nor neonatal
(10-day) blood lead levels were significantly related to HOI scores. Thus,
the effects on mental development detected 1n the Cincinnati study appeared
to be transient. The Investigators hypothesized that the transiency of the
decrements In HOI scores Might reflect a "catch up" response of Infants
related to lower birth weights or gestatlonal age In the Infants with higher
prenatal blood lead levels (Section 2.4.2.).
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Postural sway was measured In a small group of 6-year-old children from
the Cincinnati cohort (Bhattacharya et al., 1988). Peak blood level at 2
years (9-50 yg/dft) was significantly related to postural sway at 6
years. This suggests the possibility of persistent deficits In balance
related to childhood lead exposure.

The subjects In the Cincinnati study were not grouped by blood lead as
In the Boston study; therefore, It 1s more difficult to categorize effects
associated with a specific range of blood lead levels between 1 and 28
yg/dl. Nevertheless, the study corroborates some of the Important
findings of the Boston study because both studies detected an apparent
effect of lead on mental development (HDI scores) during the first 12 months
1n Infants exposed to prenatal blood lead levels or neonatal blood lead
levels <25 pg/dl. Thus, the study supports 10-15 yg/dfi. as a range
of concern for undesirable effects 1n children.

Cleveland prospective study. The longitudinal study Initiated 1n
Cleveland 1s unique because 1t examined a series of neurobehavloral measures
of neonatal stnsoH motor function. The tests Included the Brazelton NBAS
for Hab1tuat1on, Orientation. Motor Performance, Range of State. Autonomlc
Regulation and Abnormal Reflexes, and the 6-R for Gtneral Maturation. Soft
Signs and Muscle Tonus (Ernhart et al.. 1986). The results of a multiple
regression analysis Indicated that dtcreased scores for G-R Soft Signs and
NBAS were significantly related to cord lead Itvels (2-15 yg/di) but not
maternal blood lead (3-12 yg/dft). The results of follow-up studies at
6. 12, 24 and 36 months were somewhat equivocal with respect to the effects
of lead on mental development (Ernhart et al., 1987). Lower scores on the
POI and MDI of the Bayley Scales, and the KID at 6 months were significantly
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related to higher maternal blood lead (3-12 vg/dl) but not to cord blood
lead (3-15 vg/di). Concurrent 6-month blood lead was positively associ-
ated with KID score (e.g., higher blood lead levels were associated with
higher KID scores). A portion of the Cleveland cohort was tested at 4
years. 10 months on the HPPSI. After accounting for covarlates, significant
effects of lead were not detected (Ernhart and Morrow-Tlucak. 1987).

The Cleveland study examined a cohort having a range of relatively low
blood lead levels (<15 pg/dft). This nay explain why relatively few of
the Infant development Indices were found to be related to blood lead, even
though some of the tests were redundant. It 1s likely that >501 of women In
this cohort consumed considerable amounts of alcohol during their preg-
nancy. It 1s possible that the alcohol-Induced effects on physical and
mental development of newborns mask any subtle effects of lead. Neverthe-
less, the study corroborates the Mjor finding of the Boston and Cincinnati
studies; the existence of a positive relationship between HOI scores during
the first year of postnatal life and blood lead levels.

Port P1He prospective ttudv. The Port P1r1e study examined cohorts

of Infants born to Mothers living 1n the vicinity of a lead smelting
operation 1n Port P1r1e. Australia, and Infants from outside the Port P1r1e
area. Maternal blood and cord lead levels were slightly but significantly
higher In the Port Plrle cohort than In the cohort from outside Port P1r1e;
mean cord blood lead was 10 vs. 6 pg/di. Reduced HOI scores were
significantly associated with higher Integrated postnatal blood lead levels
and with 6-«onth blood lead levels, but not with prenatal or delivery blood
lead levels. Mean blood lead levels 1n the children were 14 pg/dl at 6
months of age and 21 yg/di at 15 and 24 months of age (HcMUhael et al.,
1986; V1mpan1 et al.. 1985; Baghurst et al.. 1987). The results of a linear
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regression analysis of the data Indicated an apparent 4-polnt deficit In MDI
for every 10 wg/di Increase In blood lead. After making adjustments for

maternal IQ and care-taking environment, this deficit decreased to 2 points

for every 10'vg/di Increase 1n blood lead. Follow-up study 'of these
children at 4 years of age Included the McCarthy Scales of Children's

Abilities. Deficits In 6CI scores were associated with Increased Integrated
postnatal blood lead levels (McHlchael et al., 1988). Linear regression

analysis of data on blood lead and GCI scores Indicated that an Increase In
Integrated postnatal blood lead level from 10-30 vg/di was associated
with a 7-po1nt decrease In GCI score.

Mexico C1tv prospective study. Preliminary results of a pilot study
In Mexico City for a longitudinal Investigation of developmental outcomes
related to lead esposure and other factors have been reported by Rothenberg
et al. (1989). Approximately SO mothers were sampled for blood lead levels
at 36 weeks (M36) of pregnancy and delivery (MD); umbilical cord blood lead
(UC) was also sampled at delivery. Mean maternal blood lead levels were
15.0 wg/dt at 36 weeks of pregnancy and 15.4 yg/dt at delivery.
Mean cord-blood lead levels at delivery were 13.8 »g/di. The Braze!ton

NBAS was administered to the Infants at 48 hours and IS and 30 days after

birth.
The data were analyzed by calculating the trend of the NBAS subscale

scores over the first 30 days by linear regression analysis and by computing
the difference In M36 and MO values or M36 and UC values. The relationships
among the various primary and secondary measures were then examined through
blvarlate correlations and multlvarlate repression analyses. Significant

blvarlate correlations were found between UC blood lead and the 30-day trend
In NBAS Abnormal Reflexes (r.0.299. p<0.05). between the N36-MO blood lead
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difference and Regulation of States (r-0.378, P<0.05), and between the MD-UC
blood lead difference and Abnormal Reflexes (r. -0.451, p<0.01). The signs
of all the correlations reflected Impairment of functions. Stepwlse
multiple regression modeling with all covaHates entered before . the lead
variable revealed that the blood lead differentials for M36-MO and for MD-UC
accounted for a significant amount of the variance In the Abnormal Reflexes
trend (p«0.03 for each). Similarly. H36-MD accounted for a significant
amount of the variance (p«0.025). However, UC alone was no longer
significantly associated with Abnormal Reflexes.

Rothenberg et al. (1989) also evaluated physical development outcomes at
birth 1n their cohort. After controlling for covarlates, multiple regres-
sion analyses Indicated that M36-HO and H36-UC each accounted for a signifi-
cant amount of the variance In blrthwelght (p<0.05), M36-UC accounted for a
significant amount of the variance In chest circumference (p-0.054), and UC
and H36-UC accounted for a significant amount of the variance In trunk
length (p«0.06).

The results of the most recent studies of lead and mental development
are summarized 1n Figure 2-12. The above four prospective studies differed
greatly 1n design and scope, and discrepancies 1n the results are to be
anticipated given the complex nature of the endpqlnts evaluated.
Nevertheless, when taken together with the results of cross-sectional
studies (Hawk et al.. 1986; Ferguson et al.. 1988a.b.c; Hatzakls et al.,
1987; lyngbye et al., 1989; Fulton et al., 1987), corroborative evidence for
effects on physical and mental development In Infants and children exposed
to lead 1s provided. All four studies detected a relationship between
elevated blood lead levels tnd lower mental development (MOI scores) during
the first 12 months In Infants exposed to prenatal or postnatal (or both)
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blood lead levels <30 t*g/dfc. Thus, 1t 1s probable that as blood lead
levels approach >30 yg/di, tht risks for undesirable effects Increase.
It 1s wore difficult to draw conclusions regarding the exact dose-effect
relationship over the range of blood lead levels extending <30 pg/dl.
The Boston study (BelHnger tt al.. 1987a) Indicates significant effects on
mental development related to blood lead levels within the range 10-25
yg/dl. The Cincinnati (Dlttrlch et al., 1987), Cleveland (Ernhart et
al., 1986, 1987) and Port P1r1e (Baghurst et al.. 1987; HcHlchael et al..
1988) studies Indicate effects within the ranges of 1-28. 3-15 and 6-32
pg/dft, respectively. Given the results of the these studies, 1t 1s
reasonable to conclude that any threshold that night exist Is 1n the range
of 10-15 pg/dfc blood lead, and possibly lower.
2.4.2. Growth Deficits. Tht structural analysis used In the Cincinnati
prospective study Indicated tht possibility that tht decrement 1n MOI scores
might have bttn stcondary to 1tad-related effects on either gestatlonal age
at birth or fetal birth weight (Dlttrlch tt al.. 1987). A stparate
regression analysis of tht Cincinnati data examined tht relationship between
prenatal blood lead levels (1-26 pg/dl) and birth weight (Bornschelm et
al., 1989). Decreased birth weight was related to Increased maternal blood
lead levels. Maternal agt was Identified as a major covarlatt; thus, 1t
appeared as 1f a given blood lead level was associated with a larger
decrtmtnt 1n birth weight In older women (e.g., 30 years) than 1n younger
women (e.g., 18 years). In a substqutnt analysis of tht Cincinnati data,
growth ratt (height) 1n Infants, 3-15 months of agt. was Inversely corre-
lated to postnatal blood lead Increases. Mean blood lead levels Increased
from 5.3 yg/dft at 3 months to 14.6 pg/di at 15 months (Shukla et
al.. 1987).
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Effects of lead on pre- and postnatal growth are supported by several
other studies Including Schwartz tt al. (1986), Hard et al. (1987), Fahlm et
al. (1976) and Huel and Boudeve (1981).
2.4.3. Efftcts on Fertility and Pregnancy Outcome. Severe occupational
exposure to lead has been associated with Increased Incidence of spontaneous
abortion (U.S. EPA. 1986b). However, early studies do not provide reliable
descriptions of dose-effect relationships. The Port P1r1e cohort study
described In Section 2.4.1. examined pregnancy outcome 1n populations living
near and distant from a lead smelter. The risk for pre-tenn delivery was
positively related to maternal blood lead, over a range of 8-32 yg/dl
(McMIchael et al.. 1986). The relative risk for pre-terra delivery was 4.4
for maternal lead levels >14 yg/dft (range 14-32 yg/dl, mean 17
pg/dft).

Depressed sperm production and development has been associated with
occupational exposure to lead. Based on studies by Lancranjan et al. (1975)
and H1ldt et al. (1983), the Agency concluded that undesirable effects on
sperm or testes may occur In men as a result of chronic exposures leading to
blood lead levels of 40-50 yg/dft (U.S. EPA. 1986b).
2.4.4. Genotoxlclty. Studies relating to genotoxlclty of lead are
reviewed 1n the Air Quality Criteria Document for Lead (U.S. EPA, 1986b).
Structural chromosomal aberrations and Increased sister chromatld exchanges
1n peripheral lymphocytes have been associated with chronic exposure to lead
resulting In blood lead levels In the range of 24-89 vg/dft. although
effects were not observed over this range of blood levels 1n numerous
studies (U.S. EPA. 1986b). This may reflect the differences In exposure
duration In relation to lymphocyte proliferation and turnover. In one
study. Increased sister chromatld exchange was positively correlated with
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exposure duration and zinc protoporphyrln levels, but correlated poorly with

blood lead level (Grandjean et al., 1983).
Bacterial systems generally are regarded as Inappropriate for assaying

metal Ions. The U.S. EPA (1989b) reviewed the data on chromosome aberra-
tions 1n higher organisms; alterations 1n chromosome structure appeared to
depend on factors such as harvest time following exposure, duration and
route of exposure, and test system. Furthermore, diet Influenced the
chromosome breakage Induced by lead in vivo. Lead-exposed animals on
calcium-deficient diets have exhibited a higher Incidence of chromosomal
aberrations than lead-exposed animals on standard diets. Other studies
reviewed by the U.S. EPA (1989b) demonstrated that lead compounds Induce
cell transformation In Ba1b/3T3 mouse cells and Fisher 344 rat embryo cells
Infected with the Rauscher murlne leukemia virus. Collectively, these
studies suggest that lead products undesirable effects on chromosomes.
2.5. SUtXARY

Correlation and regression analyses of data on blood lead levels and
various health effects point to a spectrum of undesirable effects that
become apparent In populations having a range of blood lead levels extending
upward from 10-15 yg/dft. These Include effects on heme metabolism and
erythrocyte pyr1m1d1ne nucleotlde metabolism, serum vitamin D levels, mental
and physical development of Infants and children and blood pressure In
adults. Although correlations between blood lead levels and certain effects
persist when examined across a range of blood lead levels extending <10
ug/dft, the risks associated with blood lead levels <10 pg/dft are
less certain. Although It Is not possible to define with certainty the
risks associated with any given lead-related effect (e.g., neurobehavloral
deficits and Increased blood pressure), the weight of evidence suggests that
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blood levels In the range of 10-15 yg/di or possibly lower are likely to

be associated with one or more undesirable effects. Therefore, regulatory

decisions regarding environmental lead should take Into account the evidence

for potentially adverse health effects at relatively low blood lead levels.

The results of studies on the effects of lead In children a're summarized

In Figure 2-13. Evidence from several studies supports a relationship
between prenatal and postnatal lead exposure 1n Infants and young children,

as Indexed by blood lead levels, and a variety of diverse effects. These
Include Impaired or delayed mental and physical development, decreased heme
biosynthesis and other biochemical effects on erythrocytes, and decreased

levels of serum vitamin D levels. Although a threshold for these effects

has not been established, the evidence suggests that It may lie within 10-15

tig/dl or possibly lower. As blood lead levels Increase above the range
of 10-15 ng/di, the risk for more pronounced effects on all of the above
endpolnts Increases. At levels >30 yg/dl, the risk for nephrotoxldty
and overt neurological effects (e.g., encephalopathy) becomes substantial.
Thus, Infants and children appear to be at least as sensitive to lead than
adults If the dose-effect relationship for these effects in children 1s

compared with that for effects on blood pressure In adults.

Effects of lead on development are particularly disturbing In that the
consequences of early delays or deficits In physical or mental development
may have long-tern consequences over the lifetime of affected Individuals.
Furthermore, mouthing behavior Is a significant mechanism for lead uptake in
Infants. Thus, Infants and young children can be expected to be particu-
larly susceptible to changes 1n lead levels In dust and dirt (see Chapter 4
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FIGURE 2-13

Summary of Studies Relating Blood Lead Levels and Effects on Various
Toxlclty Endpolnts In Infants and Children. Lines represent range of blood
leads for which significant statistical associations were detected for each
effect. Solid squares Indicate Man blood levels for the population studied.
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for further discussion). For these reasons. Infants and children (up to 2
years) can b« considered to be the critical sensitive population on which to
focus regulatory decisions regarding environmental lead.

Currently available Information on the b1ok1net1cs of Inorganic lead
Indicate that oral exposure to lead In food and beverages and nonfood
sources such as dust and soil will be the most quantitatively significant
route of uptake of environmental lead In most populations of Infants and
children. Therefore, abatement strategies that focus on these sources are
likely to bt the most productive for lowering blood lead levels.

Numerous ep1dem1olog1cal studies have Indicated the Importance of fetal
lead exposure on lead burdens 1n Infants and children. These studies
(Cincinnati and Port P1r1e) also Indicate that children born with high lead
body burdens may be more vulnerable to further exposure 1n early childhood.

This further emphasizes the Importance of focusing regulatory policies on
children, who ultimately pass their lead burdens on to future generations.

Although the health effects of lead have been correlated with levels of
lead 1n blood, the largest physiological compartment for lead distribution
Is bone, which has a relatively long elimination half-life. Lead 1s slowly
released from bone and will distribute to other tissues when uptake levels
are decreased. As a result, new steady-state levels of Itad 1n blood may be
achieved years after uptake levels decrease. Release of lead from bone may
bt acctltrattd In conditions of metabolic stress, Including prtgnancy. 1n
which rtsorptlon of bone occurs. Tht relatively slow turnovtr of bont lead
must bt considered whtn tvaluatlng tht potential health Impact of decreasing
levels of Itad In Important txposurt media. Physiologically-based pharmaco-
klnetlc models that Incorporate age-related changes In bont metabolism and
othtr physiological parameters that afftct tht distribution and txcrttlon of
Itad can bt particularly ustful for predicting tht Impact of rtgulatory or
abatement decisions on blood Itad levels.
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3. EXPOSURE ASSESSMENT

3.1. BIOLOGICAL EFFECTS: ENVIRONMENTAL EXPOSURE

The emerging evidence of a constellation of biochemical effects, along
with subtle health effects at low levels of lead exposure d30 pg/dl),
Is considered Indicative that low-level lead exposure has a far-reaching
Impact on fundamental cellular enzymatic, energy transfer and calcium homeo-
statlc mechanisms. These effects can be expressed 1n Infants and children
•

as deficits In neurobehavloral and physical developments, and 1n adults as
elevations 1n blood pressure. H1th higher levels of exposure (blood lead
levels >30 pg/dl), overt symptoms of lead toxldty appear 1n the form of
anemia, neurological Impairment (e.g., encephalopathy). reproductive abnor-
malities and nephropathy.

The highest risks for adverse health effects from exposure to environ-
mental lead 1n most populations art likely to be associated with Infants and
young children. Hence, risk assessment efforts related to environmental
lead usually focus on this segment of the population. The exceptional
vulnerability of Infants and young children reflects an apparently Innate
sensitivity of developing organisms to lead, as well as a variety of physio-
logic and behavioral factors that facilitate their exposure to relevant
environmental media. It Is Important to emphasize that exposure to humans

begins in utero with the transplacental transfer of lead from mother to
fetus. Thus. Infants are born with an Initial lead burden that reflects
prior environmental exposure of the mother and. to some extent, In utero
exposure of the mother. Environmental exposure that begins with birth adds
to this preexisting burden and My be transferred to the next generation of
Infants.

•
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Environmental exposure during the earliest period of Infancy (0-6

months) 1s derived largely from the diet and, to a lesser extent. Inhalation

of Indoor airborne lead. With the onset of floor activity and crawling.

oral Intake from Indoor and outdoor dust and soil begins to contribute

significantly and eventually becomes the single largest source of lead

uptake. An estimated 70% of total lead uptake In 2-year-old children Hying

near a lead point source (e.g., smoke stacks, smelter) Is derived from
Ingest Ion of dust and soil (U.S. EPA, 1989a). The Importance of dust and

soil reflects the behavioral tendencies of Infants and young children to
crawl and play on floors and soil surfaces and to engage In extensive
hand-to-mouth activity. The latter consists of thumb and finger-sucking and
placing objects from the environment Into their mouths. Pica, or excessive

and Intentional Ingestlon of nonfood Items Including soil, plaster and wood,
occurs In some Infants and young children and can contribute substantially

to oral Intake of lead (Binder et al.. 1986; Clausing et al., 1987;
Calabrese et al.. 1989). Paint and plaster pica can be an extremely
Important exposure mechanism for Infants and young children living or
playing In or around structures containing deteriorating leaded paint or

plaster.

In addition to behavioral characteristics that facilitate lead exposure,
nutritional factors My also contribute to the vulnerability of Infants and
young children to lead. The nutritional requirements for rapid physical
growth during the first 3 years render this age group susceptible to a
variety of nutritional deficits. Including Iron, copper and zinc deficien-
cies. As discussed In Section 2.2.1.2., deficiencies of these minerals are

associated with Increased gastrointestinal absorption of lead In animals.
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In general, Inhalation 1$ a quantitatively minor route of exposure for
Infants and children. Nevertheless, children may be more vulnerable than

adults to exposure to airborne lead particles. Physiologic characteristics
of the respiratory tract of Infants and children result In higher deposition
efficiencies of Inhaled airborne particles than 1n adults (Phalen et al.,
1985; Xu and Yu, 1986).

To fully appreciate the significance of childhood lead exposure as a
»

critical focus of risk assessment methodology, the above considerations must
be placed 1n perspective with serious potential for long-term consequences
of neurobehavloral and developmental effects encountered at an early age.
This does not trivialize the Importance of long-term exposure and effects of
lead 1n adults. The relationships reported to exist between systemic
arterial blood pressure and concurrent blood lead level In adults suggest
that low-level environmental exposure may have Important health consequences
for adults. It remains to bt seen, however, whether such effects are
related to chronic exposure extending from childhood or Infancy to the
adult. The Importance of prospective ep1dem1olog1ca1 study designs 1n this
area cannot be overemphasized. Regardless of the outcome of such studies,
the long biological half-lift of lead 1n bone and the potential for trans-
placental transfer of lead translates Into additional risk factors for the
fetus and for the Infants of mothers exposed during childhood.
3.2. MULTIMEDIA LEAD EXPOSURES: AIR. SOIL. DUST. MATER. PAINT

Humans are typically exposed to lead 1n a variety of media as a result
of the transfer of airborne lead to soil, water and food (Figure 3-1). The
primary anthropogenic Inputs to the air are automobile exhaust and Indus-
trial emissions. Natural Inputs to the air can Include geological

»
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FIGURE 3-1

Pathways of Lead from the Environment to Humans

Source: U.S. ERA, 1986b
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processes such as volcanic activity and crustal weathering. Emissions to
ambient air eventually deposit 1n soil and ambient water, creating secondary
exposure sources that Include dust, soil, food and water. Additional Inputs
to water and food Include lead pipes and solder joints 1n drinking water
delivery systems and 1n food containers. Lead-based paint can also be an
Important source of contamination of house and street dust. Other potential

sources of lead exposure Include cosmetics (surma) and folk medicines (Healy
et al., 1982). Shown 1n Table 3-1 are typical levels of lead In various
media. Including ambient air. In the United States (U.S. EPA. 1989a).

Although air emissions and lead paint are the primary anthropogenic
sources of environmental lead, oral Intake, rather than Inhalation, 1s
generally the predominant route of Intake for humans. Intake occurs through
1ngest1on of food and beverages, and 1n Infants and children, through 1nges-
tlon of dust and soil.
3.2.1. Lead In Air. Hhereas, at one time, automobile exhaust accounted
for «90X of all air emissions In the United States, the recent phase-down
of lead content of gasoline and reductions 1n usage of leaded gasoline have
and will continue to substantially decrease the contribution of automobile
exhaust to air lead (U.S. EPA, 19865). Lead In automobile exhaust origi-
nates from the combustion of gasoline containing organic lead additives,
primarily tetraethyl and tetraaethyl lead. Lead 1s emitted from vehicles
primarily as particles of Inorganic lead, with a small percentage as
volatile lead alkyls. Of the automotive lead emissions deposited. «501 1s
within less than a few kilometers of roadways, whereas smaller particles can
travel for thousands of kilometers (Huntzlcker ft al., 1975: U.S. EPA,
1986b).
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TABLE 3-1

Typical Load Concentrations in Various Exposure Media*

Medium

Ambient air (|ig/m))c

Indoor air (ug/mj)

Soil (ppm)

Street dust (ppm)*

House dust (ppm)*

Typical Foods (pom)

Water (*g/t)
Paint' (mg/cmt)

Rural Area

• .1

•.•3-4. M

5-34
8t-13t <«•)
54-544 (344)

t.M2-f.a

5-2144

<l to >5

Urban Area

•.1-4.3

•.•3-4.2

34-4S04

144-5440 (1544)

54-3444 (1444)

•.442-4.8

5-2144

<! to >5

Near Point Source(s)*

4.3-3.4

4.2-2.4

154-15.444

(25,444)

144-24.444 (14.444)

4.442-4.8

5-2144

<l to >5

Reference

U.S. EPA. I969a

U.S. EPA. 19666

U.S. EPA. I966b; Hielhe et al . . 1963

Nriagu. 1978; U.S. EPA. I966b

U.S. EPA. 1989*; Landriqan et al . . I97S;
Morse et al..l979; Angle and Mclnlire. 1979

Flegel et al.. 1988
U.S. EPA. 1969* ; GardeTs and Sorg. 1989

U.S. EPA. I989a

•Source: U.S. EPA. I98*e
•Within 2-5 km of sources including primary and secondary lead smelters, battery plants

•Represents quarterly averages Monitored in 1986
'Range of indoor/outdoor ratios used (4.3-4.8) fro* U.S. EPA (I986b) except near point sources where large particles predominate and infil-
tration into homes is low; ratio appears to he closer to 4.3 (Cohen and Cohen. I960).
•Values In parentheses represent estimates provided in U.S. EPA (I966b) as typical averages.
'Since there may he several layers of lead-based" paint on a given surface, absolute concentration of lead is less useful than mo/cat.
Surveys by HUD in Pittsburgh showed that >74t of pro-I944 dwelling units and 24* of pott-I964 units had at least one surface with >l.5
•g/ceu lead pa*"* <»A$. 1964).
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Sourcts of Industrial tmlsslons Include fugitive emissions from lead
mining, primary and secondary lead smelting, battery plants, and combustion
of on, coal and municipal waste (U.S. EPA, 1986b). Dispersal of particles
released from such processes depends on meteorological variables. Including
wind speed and direction and precipitation. The most abundant deposition
generally occurs within 10 km around emission sources, which can result 1n
high local concentrations of lead 1n dust, soil and ambient water (Yankel et
al.. 1977).

Concentrations 1n ambient air have declined over the last decade as a
result of the phasedown of leaded gasoline production and use, and reduc-
tions 1n emissions from stationary sources (U.S. EPA, 1989a).
3.2.2. Lead In Soil. Lead released to the air deposits on terrestrial
surfaces and enters the soil, where 1t can have several possible fates.
Lead can be retained 1n organic complexes near the soil surface. For
example. Insoluble lead species nay be free or complexed metals adsorbed on
solid Inorganic or organic Matrices. Studies of lead/soil Interactions show
that soil fixation of lead 1s mainly affected by pH, cation exchange
capacity and organic matter content of soil. Hhlle 1t 1s true that. 1n a
variety of soils, lead appears most strongly asoclated with soil organic
carbon fraction (Zlmdahl and Skogerboe. 1977), no correlation 1s seen
between organic content and lead concentrations In "brown soils"
(HoJdkowska-Kapusta and Turskl, 1986). In addition. If little or no
organic content 1s In the soil, other components can regulate lead
fixation. These Include hydrous Manganese oxide (Forstner et al., 1981) and
hydrous ferric oxide (Swallow et al., 1980). Levels of lead 1n rural soils,
away from Industrial emissions and roadbeds, range from 5-30 t*g 1ead/g
soil (see Table 3-1). Levels of lead near roadbeds can be much higher
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(30-2000 yg/g) and will vary with past and present traffic density and

vehicle speed (Page and Gange. 1970; Quarles et al.. 1974; Hheeler and
Rolfe, 1979). Much higher levels O30.000 yg/g) can occur 1n the Immediate
vicinity of Industrial point sources (Yankel et al.. 1977; U.S. EPA, 1986b).

Lead In urban soils Includes lead from automotive and Industrial
emissions, as well as from leaded paints. Levels >2000 iig/g have been
reported In soil around wood-frame houses painted with leaded paint (Ter
Haar and Aronow. 1974; Hlelke et al.. 1983).

Lead bound to organic constituents In soil can remain In soil for long
periods of time. As a result, elevated levels can persist long after
sources of deposition have been reduced (Prplc-Majlc et al.. 1984).
3.2.3. Lead 1n Dust. Dust 1s an Important sourct of oral lead Intake 1n
Infants and children. The term "dust" refers to house and outdoor dust;

house dust 1s dust 1n the Interior of the building and Includes such things
as material for fabrics (carpet), and 1n paint and soil tracked or blown
Into the house. Outdoor dust Includes anthropogenic materials deposited on
outside surfaces, referred to as "street dust,* and the mobile uppermost
layer of natural soil, referred to as "soil dust" (U.S. EPA. 1986b).
Atmospheric lead from automotive and Industrial emissions are the primary
contributors to outdoor dust. Paint can also be a significant source of
outside dust around buildings painted with lead-based paint. Levels of lead
In outdoor dust vary with proximity to emission sources and meteorological
variables (Rotls et al.. 1980; Brunekretf et al., 1981; Yankel et al.,
1977). Outdoor dusts can be transported by wind and rain runoff (Laxen and
HarHson. 1977).
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Lead 1n house dust can be derived from atmospheric deposition, transport
of outdoor dust and deterioration of lead-based paint surfaces. Lead levels
1n house dust are determined by a number of factors Including house cleaning
practices, the presence and condition of lead-based paint surfaces, the
presence of upholstered furniture and carpet, the amount of dust and soil
transported Into the house, the permeability of the house to outdoor air and
the outdoor air lead concentration (U.S. EPA, 1986b). Lead can also enter
the house through contaminated clothing worn by parents (COC, 1989).

Lead 1n dust 1s relatively mobile. Levels 1n outdoor dust near point
sources have been shown to decline within 1-2 years after atmospheric
emissions decreased (Morse et al., 1979; Prp1c-Maj1c et al., 1984).
3.2.4. Lead In Diet. Anthropogenic sources of lead 1n food Include
1) deposition of atmospheric lead onto crops, forage, feed, soils and water;
2) lead-based pesticides; and 3) harvesting, processing, transportation,
packaging, preparation and storage of food during which lead can enter the
food by atmospheric deposition or leaching from metal containers and
plumbing. Based on data fro* numerous studies of food consumption patterns
and lead levels 1n various foods (U.S. PDA. 1983. 1984), the U.S. EPA
developed a "Multiple Source Food Model" that establishes reference values
for lead contents of typical diets for children and adults (U.S. EPA.
1986b). Declines In atmospheric emissions from automobiles and Industrial
point sources. In lead levels 1n water and 1n the use of lead solder 1n food
containers are expected to result 1n declining levels of lead In food (U.S.
EPA. 1989a; Cohen, 1988a,b).
3.2.5. Lead 1n Mater. Lead can enter ambient water from atmospheric
deposition and surface runoff, where It tends to form Insoluble salts and
precipitates. Concentrations of lead 1n U.S. ambient water are typically
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low. Mean values tend to be i3-28 yg/i (NAS, 1980; U.S. EPA. 19865).
In contrast to ambient water, levels 1n drinking water can be much higher
(10-1000 t*g/i) because of leaching of lead from lead pipe and leaded
solder joints. Lead concentrations 1n drinking water vary with the amount
of lead 1n the household plumbing and corroslveness of the water. Soft or
acidic waters tend to be more corrosive and promote higher concentrations of
dissolved lead In the drinking water (North tt al., 1981). Drinking water

• .

can be a major source of lead Intake far Infants and young children who
consume large amounts of Infant formula prepared with household water.
3.2.6. Lead In Paint. Ingestlon of lead-based paint 1s one of the most
frequent causes of severe lead Intoxication 1n children (Chlsolm, 1984).
Although the U.S. Consumer Product Safety Commission banned the use of
household paints containing >0.061 lead 1n 1977. the hazard persists In
homes and apartments constructed before the ban. In homes built before
1940, some Interior paints contained >501 lead. An estimated «201 of
housing units built between 1960 and 1974 have lead paint levels >0.7
mg/cm2 (ATSDR, 1988).

Infants and children are exposed to lead 1n paint fron Ingesting and
Inhaling house dust contaminated with lead and from Ingesting paint chips
(paint pica). Exposure can occur outside "the house from Ingestlon of street
and soil dust. Exposure 1s hightr in houses with deteriorating surfaces
(e.g., peeling of paint, cracked plaster). In 1980, an estimated 6.2-13.6
million children under the age of 7 years resided In housing containing
lead-based paint; 235,000-842.000 children resided In homes with deterior-
ating surfaces (Pope, 1986; ATSOR, 1988). Since exposure to lead 1n paint
1s unrelated to atmospheric, soil or dietary levels of lead, efforts to

•
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reduce lead levels In these media will have little Impact on the Incidence
of lead Intoxication associated with lead paint.
3.3. MEDIA-SPECIFIC ESTIMATES FOR DIFFERENT LEVELS OF LEAD UPTAKE

BloMnetlc models currently exist that predict age-specific blood lead
levels associated with age-specific uptake rates (Harley and Knelp, 1985).
This section discusses the major quantitative factors that must be Incorpor-
ated Into predictions of lead uptakes from specific environmental media.
Default assumptions and reference values Incorporated Into an Uptake/
B1ok1net1c Model for lead (described 1n Section 4.1.) are also discussed.
In most populations, lead uptake occurs primarily as the result of Intake of
lead In air, diet, drinking water and dust; therefore, the discussion 1s
confined to these media. Intake of leaded paint chips can contribute
significantly to uptake In Infants and children living or playing In areas
contaminated with lead paint.

Uptake (Uj) of lead from a given exposure medium can be thought of as
the product of two separate processes. Intake (Ij) and absorption (Aj):

U, . I, . A,

where Intake (I*) Is the product of the concentration of lead In specific
media and the rate for tht physiological mechanism of Intake (e.g.,
breathing rate).

Predictions of media-specific lead uptakes must take Into account
environmental fate processes that determine concentrations of lead 1n
relevant media (see Section 5.2.), as well as behavioral and physiological
factors that affect Intake and absorption from these media.
3.3.1. Uptake from Ambient Air. Humans are exposed to lead 1n Indoor and
outdoor air. Uptake rates will bt determined by the lead concentrations In
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Indoor and outdoor air, the time spent Indoors and outdoors and physio-
logical determinants of deposition and absorption In the respiratory tract.
A simple mathematical expression for this relationship Is as follows:

UA - V - DA • [Pbl™

where UA Is uptake from air (pg/day), V Is the volume of afr breathed/
day (or/day). DA 1s the product of the respiratory deposition and absorp-
tion fractions and tPbljHA 1s the time-weighted average exposure concen-
tration (tig/m ).

3.3.1.1. INDOOR AND OUTDOOR AIR LEAD — As discussed 1n Section

3.3.1.. numerous factors determine the concentration of lead 1n air at any
given location. These Include distance and direction from emission sources,
the nature of the source and meteorological patterns that affect dispersion
and deposition of airborne lead. Many of these factors have been Incorpor-
ated Into predictive models of airborne particulate dispersion, which can be
used to predict air lead levels associated with a given location near a
point source (U.S. ERA. 1986O.

Transport of lead from outdoors to Indoors accounts for virtually all
Indoor air lead In most modern buildings. Outdoor air lead enters buildings
through windows, doors, walls and air vents. Because the transport
processes are complex, relationships between outdoor and Indoor air lead
concentrations can be expected to vary from site to site. Factors that can
be expected to affect Indoor/outdoor ratios at a given site Include the
proximity to emission sources, which determines the size of outdoor air lead
particles, the permeability of entrance pathways (e.g.. windows, doors,
walls) to lead, airflow patterns In and out of the building and meteoro-
logical conditions.
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U.S. EPA (1986b) summarized data on Indoor and outdoor air lead levels
and concluded that, at most sites, outdoor concentrations exceeded Indoor
concentrations. Indoor/outdoor concentration ratios ranged from 0.3-0.8,
with values In the lower end of the range near point sources, where lead
particles are larger (Cohen and Cohen, 1980).

3.3.1.2. TIME SPENT OUTDOORS — An estimate of dally exposure to lead
oust be a time-weighted avtragt of exposure to outdoor and Indoor lead;
therefore. Information on the relative amount of time spent In each environ-
ment 1s required to estimate average exposure levels. Time spent outdoors
varies extensively with age, season, geographical location and a variety of
cultural and behavioral Influences. The following age-specific estimated
ranges for hours spent outdoors were derived from a literature review (U.S.
EPA, 1989a) summarized In Pope (1985) and reflect data reported 1n various
studies (Hoffman et al., 1979; Rubinstein et al.. 1972; Suter, 1979; Koontz
and Robinson, 1982):

Age (years): 0-1 1-2 2-3 3-7
Time Outdoors (hours/day): 1-2 1-3 2-4 2-5

Based on Information on Indoor and outdoor air lead concentrations and the
average time spent outdoors and Indoors, an estimate of the time-weighted
average exposure concentration <CPb]THA) can be calculated as follows:

CPb]THA ' (CPb]Ao * V * (CPb]A1 * T1) *'(1/24)
where tPb]̂  tnd CPb]A1 tre outdoor and Indoor air concentrations
(vig/m3), respectively, and TQ and T, are average times (hours/day)
spent outdoors and Indoors.

3.3.1.3. INHALATION AND RESPIRATORY DEPOSITION AND ABSORPTION —

Intake of lead 1n air Is determined by the volume of air breathed each day.
which varies with age, body size and level of physical activity (U.S. EPA,
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1989c). Age-specific estimates of dally breathing volumes have been derived
(Phalen et al. 1985), from which the following reference values for dally
breathing volumes In children were developed (U.S. ERA, 1989a):

Age (years): 0-1 1-2 2-3 3-4 4-5 5-6 6-7
Dally Volume (m3/day): 2-3 3-5 4-5 4-5 5-7 5-7 6-8

The fraction of Inhaled lead that Is deposited and absorbed varies with
airborne particle size and age (Chan and Llppmann. 1980; Phalen et al.,
1985; Xu and Yu, 1986). As 1s described In Section 2.2.1.1. (see Tables 2-1
and 2-2). age- and particle-si ze-spedf1c references values for these
parameters have been derived from existing experimental data.
3.3.2. Dietary Lead Uptake. Uptake of lead from the diet (UD) can be
expressed as follows:

U • 'o
where ID (yg Pb/day) 1s the Intake from dietary sources and AQ Is the
fractional gastrointestinal absorption (absorption coefficient) of dietary
lead. Dietary food Intake can be estimated from historical data on food
lead content (U.S. FDA. 1983. 1984) and data on food consumption
(Pennlngton. 1983). A Multiple Source Food Model has been developed that
partitions dietary sources Into three major categories: 1) metallic sources
Including lead solder 1n food cans and solder or pipe 1n drinking water
systems; 2) atmospheric lead deposited on food before and after harvest and
processing; and 3) sources for which an origin has not been established
(U.S. ERA, 1986b). These classifications allow projections for dietary
Intake based on projected adjustments In each category (e.g.. a reduction In
atmospheric lead) (Cohen, 1988a.b). Projections for 1990 are presented In
Table 3-2.

Absorption of dietary lead varies with age. diet and nutritional status
(see Section 2.2.1.2.). Absorption Is an estimated 42-531 1n Infants
2165A 3-14 10/24/89



TABLE 3-2

Age-Spec1f1c Estimates of Total Dietary Lead Intake
for 1990-1996 <M/day)*

Age
(years)

<1
1
2

3

4

5

6

Metallic

3.4

4.0

5.6

5.8

5.9

6.1

6.3

Atmospheric

0.8
1.1
1.2
1.2
1.1
1.2

1.3

Other

3.3
3.8

3.6

3.7

3.8

4.0

4.3

Total

7.5

8.9

10.4

8.9

8.9

9.3

9.8

'Source: Cohen, 1988a,b
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(Alexander et al., 1973; Zlegler et al., 1978) and 7-15% 1n adults (Kehoe,

1961a.b.c,; Chamberlain et al., 1978; Rablnovltz et al.. I960). There Is

some evidence that gastrointestinal absorption of lead may be a nonlinear

process (Aungst and Fung, 1981; Marcus, 1989). Saturable and nonsaturable

absorption mechanisms have been described for essential metals; thus, U Is

reasonable to expect the existence of saturable and nonsaturable mechanisms

for lead. Kinetic constants for saturable lead absorption have been experi-

mentally determined 1n the \n vitro everted rat Intestine (Aungst and Fung,

1981). The apparent Km for flux through the everted Intestine was reported

to be *125 ng/l, which Is substantially higher than the concentration
of lead 1n the Intestine that can be expected to occur from average dietary
Intake (<25 yg/t). However, other dietary metals may compete with lead
for saturable absorption mechanisms (e.g., carrier-mediated transport);

therefore, the contribution of saturable mechanisms to total absorption may
depend on diet, nutritional status and the relative magnitude of the Kms for
each substrate for the saturable mechanism. Kinetic constants for saturable
lead absorption have not been determined 1n primates.
3.3.3. Uptake from Dust and Soil. Children are exposed to lead In Indoor
and outdoor dust and soil, primarily from Ingesting these materials as a

result of normal mouthing behavior and pica (abnormal .tendency to Ingest

nonfood materials). Thus, the average dally exposure will be determined by
lead levels In each medium and amounts of each medium that are Ingested
dally. The latter may vary with age. season, geographic location and

activity patterns. A simple expression for lead uptake from dust and soil
(UQS) Is as follows:

UOS ' DSIHG ' AOS '
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where DSjNG Is oral Intake of dust and soil (g dust and soil /day), A_
1s the absorption fraction and tPb]QS 1s the average exposure level (yg
Pb/g dust and soil).

3.3.3.1. LEAD LEVELS IN OUST AND SOIL — As discussed 1n Sections

3.2.2. and 3.2.3.. levels of lead In dust and soil are determined by a
variety of factors related to the exposure source, meteorological condi-
tions, transport of dust Into the home and sources of lead In and around the
home (I.e.. lead paint). The most desirable quantitative estimates for
localized areas should result from adequate soil and dust monitoring data.
However, 1t Is Important that sufficient monitoring data are collected from
different local sites to produce meaningful average (mean) lead concentra-
tions. Since the lead concentration In soil may vary significantly between
samples collected In the same area, the use of a single sample to estimate
lead exposure to children may result 1n Inaccurate estimation of Ingested
lead uptakes.

In the absence of sufficient monitoring data, the geometric mean lead
concentration of soil and dust can be estimated from average lead concentra-
tion In the air using linear relationships described In Appendix B of the
U.S. EPA (1988a). This applies only to situations 1n which current air lead
1s the primary source for soil lead. The derivation of these relationships
Include the following assumptions: 1) changes In the air concentration will
be followed by corresponding changes 1n soil lead and Interior house dust
lead concentrations; 2) the rite at which lead enters soil/dust Is constant
and equal to atmospheric deposition (plus other Inputs) minus soil removal;
and 3) the environmental lead Missions have been nearly constant for a
sufficiently long time that lead levels In soil and dust are In dynamic
equilibrium. The derivation of the linear relationships does not consider
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many complex variables that can affect air/soil relationship for lead, such

as chemical and physical properties of the lead particles and soil, topo-
graphic and meteorological conditions, and the frequency of precipitation
and washing of streets and Interior surfaces.

The coefficients of the linear equations used to estimate soil/dust lead
from air lead were determined from monitoring data collected at sites where
both air lead levels and dust and surface soil concentrations were measured
and averaged over varying periods of time. The data used to determine the
coefficients were collected near lead point sources where emissions were
comparable with current lead exposure situations and lead contributed by new
houses and factories. Figure 3-2 1s a 1og-ar1thm1c plot of average air
concentration versus average soil concentration for the data used 1n the
coefficient determinations for soil lead; the data are described 1n Appendix
A of the U.S. EPA (1988a). The raw data are fitted after a log transforma-
tion to yield geometric mean concentrations and the following linear
equations (U.S. EPA. 1989a):

Log Soil Lead - a + b • Log A1r Lead
Log Dust Lead • c + d • Log A1r Lead

where the coefficients a, b. c and d art 50.1, 579.0. 57.6 and 972.0,
respectively. The current Uptake/61oklnttlc Model (Stctlon 4.1.2.) uses
slightly modified coefficients of 53. 510. 60 and 844, respectively (Section
4.1.1.). Tht abovt equations wtrt bastd on monitoring data for point source
sites such is smelters; however, the relationship between air lead and soil
and Indoor dust Itad may vary, depending on the lead Mission sourct. For
example, mining sites with no history of smelter activity represent a
situation where Indoor dust concentrations of Itad are not grtattr than
concentrations 1n outdoor soil. Review of actual measurements of soil and
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house dust lead reported at Mining sites Indicated that, when soil lead was
<500 ppm, house dust lead concentrations were usually greater than soil
lead. Indicating the greater contribution of Indoor sources of lead.
However, when soil lead was >100 ppm, house dust lead concentrations ranged
from 18-481 of soil lead concentrations (Steele et al.. 1989).

The use of the linear equations to estimate soil and dust lead levels
near primary and secondary lead smelters may underestimate current exposure
because of historical accumulations of relatively large particles at these
sites, regardless of current emissions controls (U.S. EPA, 1989a). These
sites will probably require separate estimates for current soil and dust
levels.

The data on the time scales for soil and dust lead changes do not lead
to definite conclusions (U.S. EPA, 1989a). The current opinion 1s that lead
1n undisturbed soil matrix persists for an extremely long time; however,
soil lead concentrations In disturbed (especially urban) environments will
change, on average, over periods of a few years to reflect changes 1n
surface deposition (U.S. EPA. 1989a). Although lead does deposit on the
surface of soils, significant lead concentrations have been found down to 12
Inches below the surface. This Indicates that human activities such as
gardening and new building construction can result 1n significant concentra-
tions of atmospherically deposited lead 1n deeper soils. Interior dust lead
concentrations will likely change over periods of weeks to months 1n
response to air lead changes, depending on Interior-exterior access and
Interior reclrculatlon or removal of dust as well as the primary sources of
dust and soil lead. Sources such as lead paint dust, mine-tailing and
smelters that have ceased to operate may continue to contribute lead to soil
and dust regardless of changes 1n air lead.

2165A 3-20 10/24/89



The linear equations yield approximations based upon the best available
monitoring data and Interpretations, but do not consider various complex
variables that may significantly affect soil and dust concentrations. The
use of adequately measured soil and dust concentrations Is preferable to use
of the linear equations. However, In the absence of appropriate measurement
data, application of the linear equations 1n the Uptake/B1ok1net1c Model can
yield reasonable Initial approximations.

3.3.3.2. INTAKE OF OUST AND SOIL — Infants and children Ingest soil
and dust as a result of hand-to-mouth activity, consumption of food Items
that have been In contact with dust and soil, and soil pica. Considerable
age-related and Individual variation can be expected 1n these activities.
Hand-to-mouth activity reportedly occurs In «801 of children 1-2 years
old, and pica 1n «5X of children at this age; both activities decline In
years 3-6 (Hllllcan et al., 1962; Barltrop, 1966).

Estimates of soil and dust Intake In children have been derived from
measurements of the fecal excretion of poorly absorbed soil minerals (e.g.,
aluminum, silicon and titanium) (Binder et al.. 1986; Clausing et al.. 1987;
Calabrese et al., 1989). A mass balance equation used to calculate soil
Ingestlon (I$) 1s as follows:

Is • <«C«F • F)/EF) - I0)/[M]S
where CM]F Is the concentration of the mineral 1n feces (mg/g feces), F 1s
the amount of feces excreted each day (g/day). EF 1s the fraction of
Ingested mineral that Is excreted In the feces, IQ 1s the dietary Intake
of the mineral (mg/day) and [M]$ 1s the concentration of the mineral In
soil (mg/g). The above estimates can be generalized to dust and soil (I.e..
dirt), assuming that concentrations 1n dust are similar to concentrations In
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soil. Estimates derived from this mass balance approach are subject to
errors associated with estimates of gastrointestinal absorption and dietary
Intake of the mineral.

Sedman (1989) analyzed data on fecal mineral excretion (Binder et al.,
1986), on mineral content of the diet and on food consumption 1n Infants and
young children (Pennlngton. 1983) to estimate soil Ingestlon for 1. to
3-year-old children. Estimates were 40, 70 and 640 mg soil/day based on
mass balances for aluminum, silicon and titanium, respectively. Clausing et
al. (1987) examined aluminum, silicon and titanium excretion 1n 18 nursery-
school children and 6 hospitalized children, ages 2-4 years. Estimates of
dietary Intake of each mineral were based on measurements of fecal excretion
of each mineral 1n the hospitalized children. The average estimated soil
Ingestlon 1n the nursery school children for all three tracers was 56 mg

soil/day. If the values for dietary Intake from Clausing tt al. (1987) are
applied to the Binder et al. (1986) data on fecal excretion, estimates of
soil Ingestlon range from 80-135 mg soil/day for 1- to 3-year-old children
(U.S. EPA, 1989a).

Attempts to define reference values for dust and soil Intake 1n children
must take Into account the range of soil pica that can occur In human
populations. Children with high tendencies for soil pica may Ingest 1000
times more soil than children with a low tendency for pica (Calabrese et
al.. 1987; U.S. EPA. 1989O. Based on an analysis of available studies
(Binder et al., 1986; Clausing et al.. 1987) and considerations of Calabrese
et al. (1987). the following values for average dally dust and soil
Ingestlon have been developed:

Age (years): 0-1 1-2 2-3 3 - 4 4 - 5 5 - 6 6 - 7
Intake (mg/day): 0.005 0.05 0.20 0.20 0.05 0.05 0.05
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The above estimates nay not apply to children with unusual tendencies
for soil pica which can result In nuch higher Intake of soil (Calabrese et
al., 1989). Furthermore, the above values may be adjusted downwards In
future revisions of the Uptake/61oklnetlc Model. In a study recently
brought to the attention of the U.S. EPA, Calabrese et al. (1989) demon-
strated that failure to accurately Measure fecal weight and to consider
dietary Intake of tract mtals My result 1n overestlmatlon of soil Intake
based on the measurements of tht ftcal content of trace metals. Calabrese
et al. (1989) reported a range of 24-68 mg/day for dust and soil 1ngest1on
In children (1-4 years old) based on fecal excretion of aluminum, silicon
and yttrium.

3.3.3.3. GASTROINTESTINAL ABSORPTION OF DUST AND SOIL LEAD — The

greatest source of uncertainty In the prediction of lead uptake from dust
and soil Is the estimate of gastrointestinal absorption of lead. In vitro
studies have shown that tht lead 1n dust and soil 1s solubHlzed 1n addle
solutions similar to that found 1n the stomach; however. In alkaline
solutions similar to Intestinal fluids, lead can remain bound to soil (Day
et al., 1979; Harrisen, 1979; Duggan and H1111ams, 1977). Dietary balance
studies have yielded estimates of «42l for gastrointestinal absorption of
dietary lead 1n Infants and children (see Section 2.2.1.2.); however,
absorption efficiency may differ for lead 1n dust and soil.

Absorption of lead for dust and soil 1s Influenced by three Important
factors: chemical species, particle size and concentration In soil. Chaney
et al. (1988) demonstrated that absorption of lead for soil varies with lead

concentration 1n soil.
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Particle size also determines the degree to which lead 1s absorbed Into

the body; the larger the particle size, the less the absorption. For
example, lead sulflde on larger particles eventually dissolves In gastric

fluid to the same concentration as lead sulflde on smaller particles, but

the process takes longer (100 vs. 200 minutes) (Healy et al., 1962). Thus,

absorption may be less In the stomach for the larger particles because the

particles do not remain 1n the stomach long enough to become completely

solublllzed. It Is, therefore, very Important when reviewing site-specific
data to determine the prevalent particle size on which the lead 1s located.
In some locations where lead contamination In soil 1s high, such as mining

areas, the particle sizes are much larger than In other locations, such as

smelter towns, possibly resulting In decreased bloavallablllty. Lead
species Is another critical factor In determining bloavallablllty. Barltrop

and Meek (1979) reported that lead sulflde 1s significantly less absorbed
than lead acetate and lead oxides.

The Issue -of bloavallablllty of lead for soil 1s a major source of
uncertainty In the Uptake/Blokonetlc Model and merits further Investiga-
tion. Applying Information on particle size, lead species and soil charac-
teristics In bloavallablllty estimates would prove very useful In further

validation of the model.

3.3.4 Uptakt of Ltad from Drinking Water. Uptake of lead from drinking

water (Uy) can be expressed as follows:

where IN (tig/day) Is the Intake from drinking water and A^ 1s the
fractional absorption of ingested lead. Intake of lead from drinking water
can be expressed as follows:
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where tpt>Jy (vfl/l) 1s the average dally concentration of lead in
drinking water and WINQ 1s the average amount of drinking water Ingested

each day. The amount of drinking water Ingested will vary with numerous

factors Including age, body size, diet, physical activity, ambient tempera-
ture and humidity. Using data collected by the U.S. Department of

Agriculture In the 1977-1978 Nationwide Food Consumption Survey, average

dally Intake levels of drinking water have been derived (U.S. EPA, 1989c):
Age (years): 0-1 1-2 2-3 3-4 4-5 5-6 6-7*
Ingestlon (I/day): 0.20 0.50 0.52 0.53 0.55 0.58 0.59

3.4. ENVIRONMENTAL EXPOSURE LEVELS ASSOCIATED WITH BLOOD LEAD LEVELS

In the previous section, strategies for predicting uptake rates from

specific media (air. diet and dust/soil) were described, which. In
conjunction with bloklnetlc Models, provide the basis for predicting

relationships between media-specific exposure levels and blood lead levels.

An alternative approach Is to derive mathematical descriptions of these
relationships from the analysis of human experimental and epldemlologlcal
data on environmental exposure levels and blood lead. This section provides
an overview of the existing Information on relationships between levels In
various media and blood lead levels In humans. A more comprehensive
discussion Is presented In other Agency documents (U.S. EPA, 1986b. 1989a).

3.4.1. Blood Lead/Air Lead Relationships. The relationship between air
concentration and blood lead level 1n human populations reflects uptakes

directly from air by Inhalation as well as oral uptakes of atmospheric lead
deposited on dust. soil, food and water. Several studies have provided data

on air lead levels and blood lead In human populations from which slope
factors (blood lead/air lead) can be derived (Landrlgan et al.. 1975; Roels
et al.. 1976; Yankel et al.. 1977; Morse et al.. 1979; Angle and Nclntlre,
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1979; Brunekreef. 1984). Tht aggregate slept factors, reflecting the
combined Impact of air lead uptake from all media on blood lead, range from
2-20 (i*g/dft)/(mg/M3) In young, noderately exposed children (U.S. EPA,
1986b. 19884).

Experimental studies 1n which changes In blood lead levels are Measured
1n human subjects exposed to lead aerosols yield estlMates of slope factors
(blood lead/air lead) for Inhaled air lead. Several experimental studies of
adults have been reported (Kehof. 196la,b,c; Griffin* et al., 1975;
Rablnowltz et al.. 1974. 1976. 1977; Chamberlain et al.. 1978). The pooled
weighted estimate of the slope for the relationship between blood and air
lead for all of the studies 1s 1.64±0.22 (S.E.) (>»g/dft)/(mg/m3). and
1.9 (pg/dft)/(mg/m3) 1f subjects that were exposed to very high lead
levels (236 ng/dft) 1n the Kehoe studies are excluded (U.S. EPA, I986b;
1988a).

Analysis of cross-sectional data of blood lead/air lead relationships In
human populations can yield estimates of disaggregate blood lead/air lead
slope factors, reflecting the relationship between Inhaled lead and blood
lead 1n the population. 1f Information on nonlnhalatlon sources of exposure
Is sufficiently documented. Several studies In adult human populations have
been reported (Azar et al., 1975; Tepper and Levin, 1975; Nordman. 1975;
Johnson tt al.. 1975). In these studies, various approaches art used to
account for nonalr lead exposures. Tht rangt for blood 1tad/air lead slopes
are 1-2 (>ig/dt)/(mg/M3) (U.S. EPA. 1986b).

Tht EPA analyzed three studies of blood 1ead/a1r lead relationships 1n
children (U.S. EPA. 19866). Estimated air disaggregate blood 1ead/a1r lead
slopes (ug/di)/(mg/m3) for the three studies art 1.92*0.60 (Angle and
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Mclntlre, 1979). 2.46±0.58 (Roels et al., 1980) and 1.53±0.84 (Yankel et
al.. 1977; Halter et al.. 1980); the median slope 1s 1.97 (pg/di)/
(mg/m ).
3.4.2. Blood Lead/Dust and Soil Lead Relationships. Few studies have
provided data on blood lead levels 1n children and levels 1n local soil and
dust, from which blood lead/dust lead and blood lead/soil lead slope factors
can be estimated (Barltrop tt al.. 1975; Yankel et al., 1977; Nerl et al.,
1978; Angle and Mclntlre. 1982; Stark et al., 1982). The range of mean
slope factors Is 0.6-6.8 (tig/dft)/(mg Pb/g) soil (U.S. EPA. 1986b). The
range for blood lead/house dust lead slope Is 0.2-7.2 (t*g/dft)/(mg Pb/g)
dust (Stark et al.. 1982; Yankel et al.. 1977; Angle and Mclntlre, 1979).
Blood/soil lead slope factors vary, depending on the nature of source of
lead. For example, the average slope for mining sites Is an estimated 1.7
pg/di/mg Pb/g soil, whereas the average slopes for urban and smelter
sites were 3.2 and 4.2, respectively (Steele et al., 1989).
3.4.3. Blood Lead/Diet and Drinking Mater Lead Relationships. The U.S.
EPA (1986a) has summarized studies relating dietary Intake and blood lead
levels. The relationships appear to be nonlinear at dietary Intakes >200
tig Pb/day. Hhen data art compared over the range of 100-200 yg dietary
Pb/day, blood lead/dietary lead slope factors ranging from 0.034-0.16 can be
obtained (Stulk, 1974; Cools tt al.. 1976; Schlegel and Kufner. 1979; Kehoe.
1961a,b.c; U.K. Directorate, 1982; Sherlock tt al.. 1982; Ryu tt al.. 1983).

Tht relationship between blood lead level and drinking water level 1s
nonlinear at wattr conctntratlons >100 t*9 Pb/1 vtttr. The U.S. EPA
(1986b) concluded that the btst estimate for the slope factor associated
with first draw wattr conctntratlons <100 pg/l was 0.06 <t*g Pb/dft
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blood)/(pg Pb/i water) (Pocock «t al., 1983). Mort recent analysis of
the relationship of blood lead and drinking water level supports the slope
factor of 0.2-0.25 (>ig lead)/(dfc b1ood)/(yg lead/ft) water for
Infants and children (U.S. EPA, 19886).
3.5. SUWARY

The primary source of environmental lead 1s atmospheric emissions from
automobiles and Industrial point sources that ultimately deposit In dust,
soil, ambient water and food. Infants and children appear to be the most
vulnerable segments of the population to environmental lead, because, in
addition to Inhaling airborne lead and Ingesting dietary lead, they tend to
Ingest dust and soil as part of their normal behavior. Indeed, oral 1nges-
tlon of dust and soil can be the predominant uptake mechanism In Infants and
young children. These same behavioral tendencies place them at risk for
Ingesting lead-based paint chips.

The biological effects of lead In Infants and children have been related
to blood lead levels, which are determined by the combined uptakes from the
respiratory and digestive tracts. Uptake from both routes can be expected
to vary appreciably with the nature and proximity of the exposure source, as
well as age-related physiological variables that Influence Intake and
absorption efficiency.

Although dust, soil and dietary lead art largely derived from atmo-
spheric deposition, simple relationships between airborne lead concentra-
tions and blood lead levels useful for deriving age-specific and media-
specific risk assessments are not available. However, media- and age-
specific uptakes can be predicted using a multimedia uptake assessment
model, given certain assumptions regarding the nature and proximity to the
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exposure source, levels of lead In each media, and behavioral and physiolog-
ical variables that Influence Intake and absorption. A b1ok1net1c model can
then be used to predict age-specific blood lead levels associated with
multimedia uptakes. This multimedia Uptake/B1ok1net1c Model approach 1s
described In greater detail 1n Chapter 4.
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4. RISK CHARAaERIZATION

4.1. INTEGRATED LEAD UPTAKE/BIOWMETIC EXPOSURE MODEL

This section describes an Uptake/81 oMnetlc Model that estimates age-
specific blood lead levels associated with levels of continuous exposure to
air, dietary, drinking water, dust/soil and paint lead sources. The uptake
model accepts site-specific data or default values for lead levels 1n each
medium. This Information Is contained with assumptions regarding behavioral
and physiological parameters that determine Intake and absorption of lead
from each medium to yield estimated rates of lead uptake Into the blood.
Behavioral and physiological parameters are adjusted for different ages and
Include such Items as: time spent Indoors and outdoors; time spent sleeping;
diet; dust/soil 1ngest1on rates; dally breathing volumes; deposition
efficiency 1n the respiratory tract; and absorption efficiency In the
respiratory and gastrointestinal tracts.

The bloklnetlc model accepts uptake predictions and computes age-
specific blood lead levels based on a six-compartment bloklnetlc model of
tissue distribution and excretion of lead. The model Incorporates default
assumptions regarding rate constants for transfers between blood and four
physiological compartments: bone, kidney, liver and gastrointestinal tract.
Transfers from blood to urine, liver to the gastrointestinal tract and
mother to fetus are considered, ts well. These assumptions Include adjust-
ments that reflect age-related changes 1n metabolism and physiology that

•

affect tht distribution and excretion of lead (t.g., bone turn-over rates).
The Uptake/81oklnttlc Model sums predicted uptakes over time to yield
estimates of blood lead levels associated with continuous uptakes over the
Hfespan.
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Th« uptake/bloklnetlc approach 1s extremely versatile and flexible 1n
that age-specific predictions can be made for multimedia exposures. Uptake
from all sources by all absorption routes can be separately modeled. This
provides an estimate of the relative Impact of changes In levels of specific
media on blood lead levels. The default assumptions and values on which
uptake rate and blood lead calculations are based can be replaced with
site-specific data or revised defaults. Thus, the model can be updated as
new Information on exposure level. Intake and uptake parameters become
available. This can be used to explore predictions regarding the Impact of
future trends In environmental lead levels resulting from proposed control
efforts and regulations.
4.1.1. Estimates of Lead Uptake. Presented 1n Table 4-1 1s the calcula-
tion scheme for deriving estimates of lead uptakes from four primary routes
of exposure to environmental lead: Inhaled air lead, lead 1n the diet,
level In drinking water and lead 1n dust/soil. A separate calculation 1s
presented for each of three air lead levels (25, 50 and 100 pg/nr) to
demonstrate how medium-specific uptake rates vary with changes 1n air lead.
For Illustration, uptakes are calculated for 2- to 3-year-old children
(24-36 months of age) who were not exposed to lead paint. However, the
model will acctpt estimates of Intake from Ingestlon of lead 1n paint. This
Is discussed further 1n Section 4.1.2.

Formulas and default assumptions for each step 1n the uptake calcula-
tions are enumerated below (numbers refer to computational and Input steps
In Table 4-1).

1. Air lead. The exposure concentrations (pg/m3) are Inputs to
the model. These can consist of site monitoring data or predictions based
on site-specific source analysis such as those derived from the Industrial
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TABLE 4-1

Lead Intake and Uptake In 2- to 3-Year-Old Children Exposed to Lead In Air.
Diet. Oust. Soil and Drinking Hater*

Input Parameter or Calculation

1.
2.
3.
4.
5.

6.
7.
8.

9.
10.
It.
12.
13.
14.
15.

16
17.
18.
19.
20.

21.

Air lead <pg/«*>
Breathing voliwe (n'/day)
Lead Intake fro* air (|ig/day)
1 respiratory deposition/absorption
Total lead uptake fro* Inhaled lead (pg/day)

Dietary lead Intake (|ig/day)
1 gastrointestinal absorption
Dietary lead uptake (pg/day)
Outdoor soli lead <pg/g>
Indoor dust lead (pg/g>
A«ount of dust and soil Ingested (g/day)
Weighting factors (soil /dust)
Lead Intake fro* dust and soil (fig/day)
1 gastrointestinal absorption
Lead uptake fro* dust and soil (pg/day)

Drinking water lead (pg/l)
Drinking water Intake (//day)
Drinking water lead Intake (pg/day)
1 absorption of lead fron drinking water
Drinking water lead uptake (pg/day)
Total lead uptake from respiratory and
gastrointestinal tract (pg/day)

0.25

0.25
5
1.25
32
0.4

29
50
14.5

180
271
0.2

0.45-0.50
46
30
13.8

9
0.5
4.5
50
2.3

31

0.50

0.50
5
2.5
32
0.8

29
50
14.5

308
482
0.2

0.45-0.50
81
30
24

9
0.5
4.5
50
2.3

41

1.00

1.00
5
5.0
32
1.6

29
50
14.5

563
904
0.2

0.45-0.50
150
30
45

9
0.5
4.5
50
2.3

63

'Children living near one or more lead point sources and unaffected by lead paint
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Source Complex Dispersion Model (U.S. EPA, 1986c). Since children may be
exposed to lead 1n both outdoor and Indoor air, exposure concentrations
should reflect time-weighted averages of exposure to both environments.
The time-weighted exposure level will be highly dependent on the amount of
time children spend outdoors. Activity patterns of children vary consider-
ably with age, season, geographic location and cultural factors. Therefore,
1n estimating time-weighted average exposure concentrations, these factors
should be characterized 1n the population of Interest. Computational
strategies for estimating time-weighted exposure concentrations are
discussed In Sections 3.3.1.1 and 3.3.1.2.

2. Breathing volume. The model uses a default value of 5 a /day for
the average dally breathing volume of 2- to 3-year-old children. However,
as discussed 1n Section 3.3.1.3. breathing volume may vary considerably from
this value, depending on body size and physical activity.

3. Lead Intake from breathing air. Intake from breathing (1̂ ) Is

calculated as follows:

IA . v . tPb]A
where V Is the dally breathing volume (or/day) and [Pb3A 1s the exposure
concentration (>*g/m3). Intake Is calculated for the 0.25 yg/m3

exposurt concentration as follows:

lower limit • (4 m3/day)(0.09 )ig/m3) . 0.4 »g/day
IA • (5 m3/day)(0.25 ng/«3) . 1.25 i»g/day

4. Respiratory deposltlon/l absorption of Inhaled lead. As discussed

In Section 2.2.1.1., the deposition and absorption tfflcltnclts of particles
In the respiratory tract vary with particle size, which can bt txptcttd to
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relate to the nature of and proximity to the exposure source. The model

uses a default value of 31.5X for the estimated percent absorption of
Inhaled lead particles for 2- to 3-year-old children.

5. Total lead uptake from Inhaled lead. Total lead uptake from
Inhalation of airborne lead (Û . vg/day) 1s calculated using the
equation 1n Section 3.3.1:

UA . IA . u
where I. 1s the Intake of airborne lead by the respiratory tract (vg/day) and

DA Is the product of the respiratory deposition and absorption fractions.
For the example presented In Table 4-1 1n which air lead 1s assumed to be

0.25 yg/m , the uptakes are calculated as follows:
UA » (1.25 vg/day)(0.32) - 0.4 wg/day

6. Dietary lead Intake. As discussed In Section 3.3.2., typical

dietary lead Intakes for each age group are defined from the results of

Market Basket Surveys and analyses of food lead content (U.S. PDA, 1983,
1984; Pennlngton, 1983). For the purpose of making projections 1n time- or

site-specific estimates, a Multiple Source Food Model 1s used to partition
dietary sources (Including water) Into three categories: 1) metallic,
Including lead from solder joints and pipes 1n plumbing and solder In food

cans; 2) atmospheric, Including deposition of atmospheric lead on food
before or after harvest, or during processing; and 3) other sources.

Default projections for the typical diet of children during the years

1990-1996 are presented In Table 3-2.

The values presented In Table 4-1 are based on data from dietary surveys
completed 1n 1986. However, current dietary levels may be lower because of
decreases of lead In canned food (Cohen, 1988a.b). Strategies for
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projecting survey data forward 1n time to account for these changes are

discussed In Section 3.3.2.

In the example presented In Table 4-1, the default projections do not

change with Increasing air lead. The basis for this assumption 1s that the

typical U.S. diet consists of foods harvested and processed In diverse

geographical locations. Thus, atmospheric contributions are not likely to
be related to local air lead levels. Exceptions to this can be antici-
pated. For example, In rural areas where consumption of home-grown
vegetables is common, local air lead levels may be an Important determinant

of dietary Intake. In this case, site-specific estimates of dietary Intake

or adjustments to the atmospheric source category would be used In the model
In place of default values. The model accepts data on the concentrations of
lead In home-grown fruits and vegetables, locally harvested fish and game

animals, and data on the estimated portion of the diet derived from each
food category. This Information Is Incorporated Into the calculations of
dietary and total lead uptakes.

7. X Gastrointestinal absorption of dietary lead. Gastrointestinal

absorption of lead Is assumed to occur by nonsaturable (passive) and
saturable (active) mechanisms. The absorption coefficient (AQ) at any
given dietary Intake 1s, therefore, the sum of the passive absorption

coefficient (AQP) and the active absorption coefficient (AQA), factored
by the concentration for lead In the gastrointestinal tract and the apparent
Km for active absorption, as follows:

AD ' AOP * <V/{U(lPb36I/Kll)3))
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where:
AD
ADA.[Pb]GI
Km

dietary absorption coefficient;
coefficient for nonsaturable (passive) absorption;
coefficient for saturable (active) absorption;
concentration of lead In the gastrointestinal tract (yg/l); and
apparent Km for saturable absorption (yg/l).

The default values for 2- to 3-year old children that are used 1n the

model are as follows:

AD • 0.5 for the default dietary Intake of 29 tig/day;
ADP » 0.15;
An* - 0.35 for the default dietary Intake of 29 v9/day;
[Pb]Gi • 12 vg/l for the default dietary Intake of 29 yg/day; and
Km .100 yg/i.

8. Dietary uptake. Dietary uptake (UQ) Is calculated as follows:

UD ' 'l ' AD
where I. (yg Pb/day) Is the Intake from dietary sources and AQ 1s the

fractional gastrointestinal absorption of dietary lead. In the example

presented 1n Table 4-1 for outdoor air lead levels of 0.25 yg/m , the

calculation 1s as follows:

UD . (29 yg/day)(0.50) » 14.5 yg/day
9. Outdoor soil lead. The Model accepts monitoring data for lead in

soil, or In the absence of data, estimates the geometric mean for dust and
soil lead based on the following calculation:

[Pb]s - 53 «• 510 • [Pb]Ao
where [H>]DSo are lead levels In soil (yg/g soil) and [Pb]Ao 1s lead
concentration In outdoor air Ug/m ). The values 53 and 510 are
regression coefficients for monitoring data on air lead and soil lead (see
Section 3.3.3.1. for further discussion). In the example presented In Table

4-1. the lead level In soil associated with an air lead of 0.25 yg/m3 is
calculated as follows:

53 * 510 • 0.25 wg/m3 . 180 (yg/m3)
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Confidence limits on the regression coefficients can also be Incorporated
Into the calculation to estimate the upper and lower Units of the estimated
lead levels In soil.

10. Indoor dust lead. The default calculation for Indoor dust lead
UPbJD1) 1s similar to that for soil:

[Pb3D1 - 60 * 844 • [Pb]̂

where CPb]Q1 Is the lead concentration 1n Indoor dust (see Section
3.3.3.1. for further discussion).

11. Amount of dirt Ingested. As discussed in Section 3.3.3.2., the

amount of dirt (e.g.. dust and soil) Ingested on a dally basis can be
expected to vary with age and tendency for soil pica. In the example
presented 1n Table 4-1, a value of 0.20 eg/day Is assumed for 2- to
3-year-old children.

12. Me1ght1nq factors for soil and Indoor dust. The relative amounts
of soil and Indoor dust lead that are Ingested depend on time spent Indoors
and outdoors and activity patterns within each environment. The model uses
default weighting factors of 0.45 for soil and 0.55 for Indoor dust.

13. Lead Intake form Ingesting soil and Indoor dust. The combined lead
Intake from Indoor dust and soil (IQS) are calculated as follows:

XOS ' !SOIL * XDUST
where I$QH 1s tht amount of soil lead Ingested and IWST Is the amount
of Indoor dust Uad Ingested aach day.

Lead Intake from soil <ISOIL> *nd Indoor dust (IOUST* irt "1cuUted

as follows:
ISOIL - CPHSOIL • OSIHG • <IDUST • CPUDUST • OSING • <o.ss)
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where:
" concentration of lead In son (vg/g);
* concentration of lead In Indoor dust (v9/9);
" troount of Indoor dust and soil Ingested (g/day);

0.55 * Indoor dust weighting factor; and
0.45 » soil weighting factor.

In the example presented In Table 4-1. the calculations are as follows:

DSOIL • 18° Ug/g) • 0.2 (g/day) • 0.45 - 16.2 Ug/day);
ST • 271 (vg/g) • 0.2 (g/day) • 0.55 . 29.8 Ug/day);
DS - 16-2 Ug/day) * 29.8 Ug/day) . 46 (yg/day).

14. % Lead absorption from dirt. Quantitative Information on
•

absorption efficiency of lead from Ingested dust and soil 1n humans Is
lacking. As discussed In Section 3.3.3.3., experiments with animals

Indicate that lead Ingested In soil 1s absorbed less than lead in food; the

results of Ijn vitro studies Indicate that lead 1s likely to be solublllzed
In human gastric fluids. To develop default values for the model, gastro-

intestinal absorption of solublllzed lead 1s assumed to occur by non-satur-

able (passive) and saturable (active) mechanisms, similar to the assumption
regarding the absorption of dietary lead (see Section 3.3.2). The absorp-

tion coefficient for soil lead (A.) at any given dietary Intake 1s, there-

fore, the sum of the passive absorption coefficient (Â p) and the active
absorption coefficient (Â .). factored by the concentration for lead in
the gastrointestinal tract and the apparent Km for active absorption, as

follows:
As . Asp * (ASA/(U([Pb]GI/Km)3))

where:
AS • absorption coefficient for soil lead;
ASP » coefficient for nonsaturable (passive) absorption;
ASA • coefficient for saturable (active) absorption;
[Pb]Qi • concentration of soil lead In the gastrointestinal tract

(wg/l); andKm » apparent Km for saturable absorption Ug/l).
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The default values for 2- to 3-year-old children who are used 1n the model
are as follows:

AS • 0.3 for the default soil lead Intake of 16.2 yg/day;
ASP • 0.15;
ASA -0.15 for the soil lead Intake of 16.2 tig/day;
[Pblci • 6 t*g/l for the default soil lead Intake of 16.2 vg/day; and
Km -100 pg/ft.
An Identical computation strategy 1s used to calculate the absorption

coefficient for Indoor dust lead. Default values for all the variables used
In the Indoor dust lead calculations are Identical to those for soil lead.

15. Lead uptake from dust and soil. Lead uptake froei Ingested dirt
(UDS> Is calculated as follows:

UDS ' !DS * ̂ S
where ID$ 1s the Intake from dust and soil (yg/day) and ADS 1s the
fractional absorption. In the example presented 1n Table 4-1, the calcula-
tion for exposures to 0.25 yg/m3 lead In air Is as follows:

UDS • (46 pg/dayHO.30) .13.8 wg/day
16. Drinking water lead fug/ft). The default value for lead 1n

drinking water Is 9 yg/ft, which Is the projected 1990-91 U.S. average
concentration (Conen, 1988a).

17. Dr1nk1n9 water Intake. The default value for dally water Intake In

2- to 3-year-old children 1s 0.52 I/day. -
18. Lead Intake from drinking water. Lead Intake from drinking water

Is calculated as follows:
IH . tPMM • MING

where CPb]H (jig/I) Is the average dally concentration of lead 1n
drinking water and NIN(. Is the average amount of drinking water Ingested.
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In the example presented 1n Table 4-1, the calculation of lead Intake from
3

drinking water for exposures to 0.25 vg/m air lead 1s as follows:

IH » 9 (vg/O • 0.52 (I/day) - 4.6 (v9/day).

19. X Gastrointestinal absorption of drinking water lead. The approach

taken for calculating gastrointestinal absorption of drinking water lead 1s

Identical to that described previously for dietary lead. Absorption 1s

assumed to occur by nonsaturable (passive) and saturable (active) mecha-
nisms. The absorption coefficient for soil lead (A.) at any given dietary

Intake Is, therefore, the sum of the passive absorption coefficient (Asp)

and the active absorption coefficient (*SA). factored by the concentration

for lead 1n the gastrointestinal tract and the apparent Km for active
absorption, as follows:

Ay

where:
Ay » absorption coefficient for drinking water lead;
Ayp » coefficient for nonsaturable (passive) absorption;
AWA ' coefficient for saturable (active) absorption;
[Pb]Qi • concentration of lead 1n the gastrointestinal tract (yg/l);

and
Km • apparent Km for saturable absorption
The default values for 2- to 3-year old children used 1n the model are

as follows:

AWAWPAWA
[Pb]GiKm

0.5 for the default water lead Intake of 4.4
0.15;
0.35 for the default Intake of drinking water lead of 4.4
tig/day;
2 wg/l for the default water lead Intake of 4.4 yg/day; and
100 wg/l.

20. Uptake of drinking water lead. Lead uptake from drinking water is

calculated as follows:
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where IH (pg/day) 1s the Intakt from drinking water and A^ 1$ the

fractional absorption of Ingested lead. In the example presented 1n Table
4-1, the calculation for exposure to 0.25 yg/m3 air lead 1s as follows:

UH • 4.6 (tig/day) • 0.5 • 2.3 (yg/day).
21. Total lead uptaka. Total lead uptake (Uj) 1s the sum. of uptakes

from breathing lead 1n air, diet, drinking water and dust/soil 1ngest1on:
UT ' u* * uo * uos * "H

In the example presented 1n Table 4-1, the total uptake associated with
exposure to 0.25 pg/nr Is calculated as follows:

UT . 0.4 + 14.5 «• 13.8 * 2.4 . 31 |ig/day
The calculation of media-specific uptakes presented In Table 4-1 shows

that the largest contribution to total uptake 1n 2- to 3-year-old children
1s from dust, soil and diet. The contribution of Inhaled airborne lead Is
relatively minor. Because of the relatively large contribution of dust and
soil lead to total uptake, predictions of total uptake will be highly sensi-
tive to changes 1n the values of Input parameters related to dust and soil.
For example. Increasing the default value for gastrointestinal absorption of
lead Ingested 1n dust and soil from a value of 25-501 Increases the
predicted lower Unit for total uptake from 8.1-12.1 iig/day. The default
value for dietary lead absorption would have to Increase to 721 to achieve a
similar Increase In total lead uptake. The results of studies on the
gastrointestinal absorption of dietary lead 1n Infants and young children
suggest that 1t Is Improbable that the lower limit for gastrointestinal
absorption of dietary lead 1s as high as 721. However. 501 gastrointestinal
absorption of lead In dust and soil Is plausible, given the paucity of data
concerning this parameter.
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Predictions of blood lead are also sensitive to Input data on lead

concentration In soil and dust. For example, the use of site monitoring

data for dust and soil lead, as opposed to default calculations based on air
lead/dust and soil lead relationships, may have substantial quantitative
Impact on the prediction of total lead uptake. Another situation where the

default calculations for air lead/soil dust lead relationships may not be

appropriate are sites where a smelter once operated but has ceased
operating. In this case, the air lead levels have dramatically decreased,

but high soil lead concentrations may persist for some period of time,

thereby heavily Influencing the Indoor dust concentrations. In this latter
case, the equation used In the document would underestimate Indoor dust

concentrations.

4.1.2. Uptake of Lead from Ingested Paint. In the example presented 1n
Table 4-1, It was assumed that the population of 2- to 3-year-old children

was not exposed to lead from paint. However, 1ngest1on of lead-based paint
chips can be a quantitatively Important source for lead uptake In children
living or playing In areas In which decaying paint surfaces exist. Lead
levels 1n the Indoor dust of homes with lead paint can be 2000 ug/g (Hardy
et al.. 1971; Ter Haar and Aronov. 1974). A child that Ingests 0.1 g of
Indoor dust each day would have a paint lead Intake of 200 yg/day.

Although not Illustrated In the example, the model accepts Input of
age-specific estimates of Intake from lead paint and Incorporates these
values In the calculation of total lead uptake. The computation strategy 1s
similar to that used for calculating uptake from Ingestlon of soil and
indoor dust lead. Nonsaturable and saturable absorption mechanisms are
assumed to contribute to the uptake of lead solublllzed from paint In the

gastrointestinal tract.
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The effect of lead paint 1ngest1on on total lead uptake can be
Illustrated 1n the following example. Keeping all other parameters in
Table 4-1 the same, an additional Intake of 200 tig/day of paint lead In a
2- to 3-year-old child Increases total lead uptake from 31-78 yg/day.
4.1.3. Uptake and Blood Lead Concentrations. Knelp et al. (1983)
developed a bloklnetlc model for lead from data obtained 1n single dose and
chronic lead exposure of Infant and juvenile baboons. Estimated physiolog-
ical and metabolic parameters for humans have been Incorporated Into the
model for baboons to develop a predictive model for humans (Harley and
Knelp, 1985). The resulting bloklnetlc model (Harley and Knelp. 1985) was
selected by the Office of A1r Quality Planning and Standards of U.S. EPA
(1989a) to estimate age-specific blood lead levels associated with a given
total lead uptake.

The Harley and Knelp (1985) model defines first-order rate constants for
exchanges between blood and four physiological compartments that contain
>95l of the lead body burden; bone, kidney, liver and gastrointestinal tract
(Heard and Chamberlain, 1984). Rate constants for transfer of lead from the
liver to the gastrointestinal tract and from blood to urine are also
specified In the model (see Figure 2-1). Rate constants are adjusted for
age-related changes 1n metabolism that affect the kinetics of distribution
and excretion of lead In children. For example, uptake and elimination rate
constants for bone are adjusted to account for expected changes In the rate
of bone turn-over with age (Harley and Knelp. 1985). Similarly, age adjust-
ments 1n excretion of lead 1n the urine, the transfer of lead from blood to
liver and the fractional absorption from the gastrointestinal tract are
Incorporated Into the model.
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The model predicts levels of lead In blood, bone, kidney and liver

associated with continuous lifetime uptake rates for children of various

ages. While complete validation of the model In humans Is not possible,

comparisons can be made with the results of dietary studies In humans.

Shown 1n Figure 4-1 are relationships between blood lead levels and lead

uptake 1n 2-year-old children, as predicted by the bloklnetlc model of

Harley and Knelp (1985) and from several studies of dietary lead uptake in
•

Infants and adults (Sherlock et al., 1982; Ryu et al.. 1983; U.S. ERA.

1989a). The Harley and Knelp (1985) Model predicts lower blood lead levels

than the uptake studies at low (<20 yg lead/day) lead uptakes. At higher

uptakes (>20 vg/day), predictions are within the range determined for

Infants (Ryu et al., 1983) and higher than those for adults (Sherlock et

al., 1982; Cools et al.. 1976).

The Harley and Knelp (1985) Model has been extended In several

directions, based on recent data, to develop the current version of the
Uptake/B1ok1net1c Model. These extensions Include the following:

1. additional compartmentatlon of the blood and bone lead pools
(Marcus. 1985a.c);

2. kinetic non-linearity In the uptake of lead by red blood cells at
high concentrations (Marcus,1985c);

3. transfer of lead from the Mother to fetus.

The blood lead compartment Is divided Into plasma and red blood cell
pools. The relationship between lead uptake and the concentration of lead

in whole blood may be nonlinear at concentrations >20 wg/di (Marcus.
1985a,c; Marcus and Schwartz, 1987). This may result from decreased binding

of lead to erythrocytes at high lead concentrations (Barton. 1989).
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FIGURE 4-1
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Infants (Ryu tt al. 1983; Lacty tt al.. 1983), Adults (Shtrlock it al..
1982; Cools tt al., 1976), and 2- to 3-Ytar-Old CMldrtn Otrlvtd from th«
Harlty and Kntlp (1985) B1ok1ntt1c Modal.
Sourer. U.S. EPA, 1989*
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The bone compartment 1s divided Into cortical and trabecular pools.
Trabecular bone develops earlier and has a faster turnover (1-2 years) than

cortical bone. In children, a large portion of the body burden of lead 1s
1n the more mobile trabecular bone pool.

The fetus receives lead from the mother in utero. and, thus, 1s born
with a lead body burden that depends on that of the mother during
pregnancy. The ratio of newborn lead levels to maternal blood lead 1s
•0.8-0.9 (U.S. EPA, 1989a). A default ratio of 0.85 1s used 1n the model
to estimate newborn blood lead concentration. The current version of the
model uses a default maternal blood lead level of 7.5 ug/dft; however,
later versions will contain a maternal Uptake/81oklnetlc Model 1n which
maternal blood lead levels will be estimated from exposures to air. diet,
drinking water and dust.
4.2. CALCULATIONS OF PROJECTED MEAN BLOOD LEAD DISTRIBUTIONS: LEAD UPTAKE

LEVELS

The Uptake/81oklnetlc Model predicts mean blood lead levels associated
with defined multimedia exposure levels. However, to assess the risks
associated with such exposures In a given population and evaluate potential
effects of regulatory or abatement decisions, the frequency distribution
for the population blood lead levels Is a more useful parameter than popula-
tion means. The fraction of tht population with the highest blood lead
levels will be the focus of regulatory and abatement decisions.

The distribution of blood lead levels 1s approximately log normal (U.S.
EPA. 1986b) and. thus. 1s defined by Its geometric mean and GSD. It 1s,
therefore, possible to calculate the frequency distribution for blood lead
levels, given a man blood lead level and estimated GSD for the population.
Estimated GSDs for blood lead levels In humans range from 1.3-1.4 (Tepper
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and Levin, 1975; Azar tt al.. 1975; B1l11ck tt al., 1979). Schwartz (1985)

t$t1mated a GSD of 1.428 for young children afttr removing the variance 1n
blood lead levels attributable to alr'ltad exposure.

The OAQPS analyzed the NHANES II data on blood lead levels 1n adults;
estimated GSDs art 1.34-1.39 for adult women and 1.37-1.40 for adult men
(U.S. EPA, 1986b). The OAQPS (U.S. EPA. 1989a) also analyzed data from
various studies of blood lead levels In children living ntar lead point

, •

sources (e.g.. smoke stacks, smelters) (Baker et al.. 1977; Yankel et al.,
1977; Roe Is tt al.. 1980; CDC. 1983; Hartwtll tt al.. 1983; Schwartz tt al..
1986). The OAQPS concluded that

•Until additional data art available, a rangt of 1.30-1.53 will
therefore be assumed for children living ntar point sources as a
reasonable range of GSD values (Roels tt al.. 1980; CDC, 1983). and
the midpoint of 1.42 will bt assumed as a rtasonablt btst estimate."
Figures 4-2 and 4-3 show tht frtqutncy distribution for blood Itad

levels In 2- to 3-year-old children living ntar a Itad point source with an
air lead level of 0.25 vg/m3, as predicted by tht uptake/ bloklnetU
model and assuming a value of 1.42 for tht GSD. Cumulative probability
percentlies for tht lower and upptr limit estimates of total lead uptake are
shown 1n Flgurt 4-2, and probability distribution for tht upptr limit
estimates art shown In Flgurt 4-3. Assuming in upptr Unit total Itad
uptake, «9I of tht 2-year-old population Is predicted to havt blood Itad
levels >10 pg/dft.

Stvtral validation exercises wtrt undertaken to ttst tht performance of
tht Uptakt/B1ok1net1c Model for predicting Man blood Itad levels and
distributions In human populations (U.S. EPA. 1989a). Results of tht most
extensive evaluation art shown In Figures 4-4 and 4-5. Hhtn site-spedf1c
data for air. dust and soil Itad wtrt ustd 1n tht model, predicted, and
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FIGURE 4-2
Probability Parcantlla of Blood Laad Lavals 1n 2-Ytar-Old Children
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FIGURE 4-3
Probability Distribution of Blood Lttd Ltvtls In 2-Ytar-Old Chlldrtn

Living Ntar Ont or Mort Ltad Point Sourcts and Not Afftcttd by Blood Ltad.
Ltad Ltvtls In Air art Assuntd to bt 0.25 itg/a3. A valut of 1.42 1s
assumtd for GSD of tht prtdlcttd Man blood Itad Itvtls. Tht probability
distribution 1s based on tht prtdlcttd Itad uptakt (stt Tablt 4-1).
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Comparison of Distribution of Measured Blood Lead Levels In Children.
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Predicted from the Uptake/Bloklnetlc Model. Oust and soil lead levels were
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observed mean blood lead levels and distributions were essentially Identical

up to the 90th percentlle (Figure 4-4). Above the 90th percentlle. the
model slightly underpredlcted blood lead levels. Hhen default estimates of
dust and soil lead were used In the model, predicted mean blood lead levels
were within 21 of those observed; however, the model again slightly
underpredlcted blood lead levels it the highest percentlle (Figure 4-5).
4.3. SUMMARY

An Uptake/B1ok1net1c Model that can be used to predict blood lead levels
associated with multimedia exposures to lead 1n air, diet and dust/soil 1s
described. The model consists of two components. The uptake model accepts
monitoring data or estimated values for the levels of lead In each media and
predicts a range of lead uptake rates that will result from exposure to each
medium. The bloklnetlc model accepts estimates of total lead uptake and
predicts mean levels of lead 1n blood, bone, liver and kidney for children
of different ages. Mean lead levels can then be used to estimate frequency
distributions for lead levels In populations of children, assuming a log
normal distribution and a specified GSD. The results of several validation
exercises Indicate that the Uptake/81oklnetlc Model accurately predicts mean
blood lead levels associated with multimedia exposures 1n children; however,
1t may underpredlct the highest level expected to occur 1n an exposed
population.
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